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Dissolved	oxygen	(DO)	 is	a	central	element	 in	the	biogeochemistry	and	ecology	of	aquatic	sys-tems.	Nevertheless,	severe	DO	deficits	are	 increasingly	observed	worldwide	and	particularly	 in	the	coastal	zone.	Even	vertically	well-mixed	estuaries	are	affected,	despite	 their	physically	 fa-vorable	condition	for	atmospheric	oxygen	input.	While	many	well-mixed	estuaries	serve	as	ma-rine	shipping	routes	to	large	ports,	they	contain	a	shipping	channel	with	substantially	deepened	bathymetry.	However,	the	impact	of	man-made	bathymetric	modification	on	DO	deficits	is	large-ly	unknown,	especially	in	proportion	to	anthropogenic	nutrient	enrichment	which	is	accepted	as	the	main	cause	in	the	coastal	zone.		To	fill	this	knowledge	gap	in	a	first	step,	a	biogeochemical	model	is	coupled	to	an	idealized	but	effective	hydrodynamic	model	set-up	 that	 is	able	 to	 represent	 a	vertically	well-mixed	estuary.	The	biogeochemical	model	 configuration	 is	 tailored	 to	 the	problem	of	DO	deficits.	 Its	 results,	including	a	parameter	sensitivity	analysis,	clearly	show	that	the	biogeochemical	system	is	domi-nated	by	 the	oxygen-consuming	processes	of	detritus	 remineralization	and,	 to	 a	 lesser	extent,	nitrification.	Primary	production	within	the	estuary	only	plays	a	minor	role	due	to	severe	 light	limitation.	A	scenario	analysis	indicates	that	a	reduction	in	riverine	nutrient	and	organic	matter	load	 scales	down	 all	biogeochemical	processes.	Furthermore,	 the	 scenarios	 illustrate	 that	 the	interplay	between	water	surface-to-volume	ratio	and	the	degradability	state	of	the	organic	ma-terial	 is	 the	most	 important	 factor	 to	determine	 the	 severity	of	 the	DO	minimum.	Man-made	bathymetric	modifications	change	the	surface-to-volume	ratio,	and	thus	the	capacity	to	recover	DO	losses	by	reaeration.	The	modifications	also	change	transport	characteristics	and	with	it	the	degradability	state	of	the	organic	material	at	a	specific	position.	Consequently,	the	study	general-ly	demonstrates	the	relevance	of	bathymetric	factors	during	the	assessment	of	human	interfer-ence	on	DO	dynamics	and	biogeochemical	processes	in	estuaries.	The	second	study	 focusses	on	 the	physical	mechanisms	of	bathymetric	modification	that	were	identified	 as	 critical	 in	 the	 first	 study;	 these	 mechanisms	 are	 analyzed	 with	 a	 more	 realistic	three-dimensional	model	of	the	Elbe	Estuary.	Particularly,	the	impact	of	bathymetric	deepening	on	the	transport	time	scale	is	analyzed	in	detail	with	respect	to	water	age.	Riverine	water	age,	as	

























In	this	thesis	the	term	“estuarine	oxygen	minimum	zone	(eOMZ)”	will	be	used;	it	describes	a	DO	deficit	that	can	be	clearly	identified	either	in	a	time	series	at	one	specific	position	or	on	a	longi-tudinal	profile	at	a	specific	date,	see	Figure	1.	Thereby,	the	eOMZ	does	not	depend	on	a	defined	threshold	value.		Generally,	oxygen	deficits	develop	where	DO	consumption	exceeds	DO	gain	from	production	and	atmospheric	enrichment.	The	DO	consuming	processes	are	mainly	heterotrophic	remineraliza-tion	of	organic	matter,	and	nitrification,	whereas	DO	 is	produced	by	primary	production.	The	oxygen	exchange	with	the	atmosphere	is	a	compensation	process	in	case	of	an	oxygen	deficit	(or	surplus).		There	 is	 rare	 evidence	of	natural	 –	 in	 the	meaning	of	not	 anthropogenically	 caused	 –	 oxygen	minima	in	estuarine	systems;	if	at	all,	natural	oxygen	minima	may	occur	in	coastal	areas	close	to	upwelling	 of	 deeper	 oceanic	waters	 [Rabalais	 et	 al.,	 2010;	 Zhang	 et	 al.,	 2010;	Roegner	 et	 al.,	2011]	or	enclosed/semi-enclosed	basins	like	fjords	or	the	Black	Sea	[Rabalais	et	al.,	2010].	The	observed	increase	in	severe	oxygen	deficits	in	estuaries	is	attributed	to	human-caused	eutrophi-cation,	 in	the	definition	of	Nixon	[1995],	with	 increased	supply	of	organic	matter.	Whereas	his-torically	the	oxidation	of	organic	matter	from	untreated	sewage	caused	oxygen	deficits	in	rivers	and	estuaries	[Streeter	and	Phelps,	1925;	Sharp	et	al.,	1982;	Harremoës,	1982;	Parker	and	O'Reil-









Miller,	1999;	Amann	et	al.,	2012]	which	is	governed	by	both	strong	river	inflow	and	tidal	range.	There,	the	eOMZ	vertically	extends	over	the	entire	water	column	of	usually	5	to	15m	and	is	char-acterized	 by	 a	 seasonal	 persistency	 of	 several	months,	 typically	 summer	 [Verity	 et	 al.,	 2006;	




	Figure	2:	Conceptual	picture	of	the	oxygen	minimum	formation	in	a	well-mixed	estuary	(eOMZ	–	estuarine	oxygen	minimum	zone)	and	in	the	open	ocean	(oOMZ	–	ocean	oxygen	min-imum	 zone).	The	 direction	 of	 the	 oxygen	minimum	 formation	 in	 both	 systems	 is	along	the	direction	of	declining	light	availability	and	therefore	horizontal	in	estuar-ies	and	vertical	in	the	ocean.	In	 his	 work	 on	 the	 importance	 of	 biogeochemical	 processes	 and	 circulation	 forming	 oOMZs,	





1.2. Human	impact	The	influence	of	human	activities	on	earth	shows	effects	on	a	large	scale	so	that	sometimes	the	current	geological	epoch	is	termed	the	Anthropocene,	see	e.g.	Zalasiewicz	et	al.	[2010]	for	a	dis-cussion.	 The	 perception	 of	 the	 actual	 world	 as	 human-dominated	 [Vitousek,	 1997]	 is	 mostly	linked	 to	 global	 phenomena,	 particularly	 anthropogenic	 climate	 change	 [Oreskes,	 2004;	
Rosenzweig	et	al.,	2008],	which	is	expected	to	affect	surface	waters	mainly	by	an	increase	in	wa-ter	temperature,	changes	 in	river	discharge	[van	Vliet	et	al.,	2013]	 ,	and	sea	 level	rise	[Nicholls	
and	Cazenave,	2010].	These	 effects	 and	 their	 consequences	 for	DO	 are	 a	 topic	of	ongoing	 re-search	 in	estuarine	and	coastal	science	 [Najjar	et	al.,	2000;	 Justić	et	al.,	2005;	Whitehead	et	al.,	2009;	Najjar	et	al.,	2010],	anticipating	lower	DO	concentrations	mainly	due	to	lower	oxygen	sol-ubility	and	higher	organic	matter	mineralization	rates.		Another	anthropogenically	induced,	worldwide	impact	on	DO	in	estuaries	is	eutrophication:	the	enrichment	of	nutrients,	particularly	nitrogen	and	phosphorous,	stimulates	primary	production	and	 therefore	 increases	organic	matter	production	 [Nixon,	1995;	Smith,	1998;	Fulweiler	et	al.,	2012].	Nutrient	enrichment	can	be	conceived	as	a	global	phenomenon	[Seitzinger	et	al.,	2010],	especially	with	regard	to	its	effect	on	the	world’s	oceans,	e.g.	[Duce	et	al.,	2008].	In	contrast,	the	eutrophication	impact	on	a	specific	estuary	solely	arises	from	its	own	catchment.	One	can	there-fore	consider	estuarine	eutrophication	as	 a	global	 anthropogenic	change	with	 local	and	direct	impact.	Likewise,	more	anthropogenically	driven	changes	with	direct	impacts	in	estuaries	exist	and	occur	worldwide	[Bianchi,	2007;	Halpern	et	al.,	2008;	Cloern	et	al.,	2016].		Bathymetric	modification	is	a	man-made	change	that	has	attracted	little	attention	in	the	context	of	eOMZs.	Though,	most	estuaries	are	waterways	for	ships,	and	many	estuaries	host	large	ports	in	their	upper	regions;	to	ensure	navigability,	also	for	large	container	vessels,	a	shipping	channel	is	developed	and	maintained	in	these	estuaries,	like	in	the	Columbia	River	Estuary	[Sherwood	et	
al.,	1990],	the	Scheldt	[Meire	et	al.,	2005],	the	Yangtze	[Wu	et	al.,	2016],	the	Elbe	[Boehlich	and	




1.3. Modeling	coupled	hydrodynamic	 –	biogeochemical	processes	 in	
estuaries	The	 estuarine	 environment	 is	 usually	 characterized	 by	 high-energy	 hydrodynamic	 processes	induced	by	the	tides,	water	density	differences	and	river	inflow.	The	complexity	and	variability	of	 the	 resulting	 hydrodynamic	 processes	 usually	 requires	 a	 three-dimensional	 simulation	 of	water	 movement,	 including	 the	 transport	 of	 salinity	 and	 sometimes	 also	 water	 temperature	[Warner,	2005;	Zhang	and	Baptista,	2008;	Gross	et	al.,	2010;	Sehili	et	al.,	2014;	Kärnä	and	Bap-
tista,	 2016a;	 MacWilliams	 et	 al.,	 2016].	 The	 simulation	 of	 3D	 hydrodynamics	 has	 become	 a	standard	method	during	the	last	decades.	An	overall	trend	to	increase	the	complexity	in	hydro-dynamic	models,	indicated	by	an	increase	in	the	number	of	computational	cells	and	decrease	in	maximum	grid	resolution,	 is	shown	by	Ganju	et	al.	 [2016].	This	 trend	 is	straightforward	given	the	broad	consensus	on	the	mathematical	description	of	water	flow.	In	contrast,	the	modeling	of	ecological	 processes	 is	 complicated	 by	 the	 inherent	 complexity	 of	 biological	 systems,	 limited	understanding	of	several	processes	and	sparse	availability	of	observational	data,	leading	to	over-parameterization,	high	model	uncertainty	and	error	propagation	[Ganju	et	al.,	2016].	These	diffi-culties,	 together	with	 the	wish	 to	develop	models	 that	 are	 as	 general	 as	possible	 to	be	 easily	transferable	 [Evans	 et	 al.,	 2013],	 retarded	 the	 establishment	 of	 3D,	 high	 resolution	 estuarine	biogeochemical	models	in	a	way	similar	to	hydrodynamic	models.	Nevertheless,	several	coupled	hydrodynamic-biogeochemical	models	exist	with	applications	mainly	in	coastal	areas,	shelf	seas	and	stratified	estuaries	 [Wool	et	al.,	2003;	Cerco	and	Noel,	2004;	Webster	and	Harris,	2004;	Xu	
and	Hood,	2006;	Neumann	and	Schernewski,	2008;	Fennel	et	al.,	2011;	Khangaonkar	et	al.,	2012;	
Testa	et	al.,	2014;	Wild-Allen	and	Andrewartha,	2016;	Kerimoglu	et	al.,	2017;	Lajaunie-Salla	et	al.,	2017].	These	estuarine	3D	models	vary	greatly	 in	their	complexity,	both	 in	terms	of	geometric	resolution	and	process	description,	but	their	common	aim	 is	 the	assessment	of	eutrophication	effects	on	either	DO	concentrations	or	nutrient,	particularly	nitrogen,	cycling.	Bathymetric	deep-ening	as	a	widespread	local	human	intervention	has	not	yet	been	analyzed.		For	this	thesis	I	applied	the	mathematical	model	Untrim	for	hydrodynamic	simulation	in	a	ver-sion	that	enables	the	description	of	the	bathymetry	on	subgrid	 level	[Casulli,	2009;	Casulli	and	




the	biogeochemical	processes	(see	Chapter	2	and	Appendix	A)	with	state	variables	for	DO,	inor-ganic	macronutrients,	phytoplankton	 and	 several	 pools	of	degradable	 organic	material	 to	de-scribe	 the	processes	of	phytoplankton	growth,	 respiration,	mortality,	organic	matter	degrada-tion,	remineralization,	nitrification	and	denitrification.		
1.4. The	Elbe	Estuary	as	test	site	The	Elbe	Estuary	 is	 the	 tidally	 influenced,	 approximately	140	km	 long	part	of	 the	Elbe	River	which	today	has	a	total	length	of	1	094	km.	The	catchment	of	the	Elbe	River	is	fourth	largest	in	Middle	Europe	with	about	148	000	km2,	thereof	2/3	belonging	to	Germany,	and	24.5	Mio	inhab-itants.	The	Elbe	 is	a	 lowland	river	with	only	about	½	of	 its	 length	 lying	200	m	above	mean	sea	level.	The	 temperate	climate	 includes	average	air	 temperatures	of	8-9	°C	 in	 the	 lowland	and	a	hydrographic	regime	with	highest	discharges	usually	 in	spring.	These	figures	on	the	Elbe	Estu-ary	are	cited	from	IKSE	[2005]	and	more	detailed	information,	especially	on	the	catchment,	can	be	found	therein.		Long-term	mean	freshwater	discharge	at	the	 last	gauging	station	upstream	of	the	tidal	 limit	at	Geesthacht	Weir	is	713	m3	s-1;	mean	summer	low	discharge	is	301	m3	s-1,	and	mean	winter	high	discharge	 is	1870	m3	s-1,	respectively	 [FHH	and	HPA,	2014].	The	estuary	 is	a	well-mixed	meso-tidal/macrotidal	coastal	plain	estuary	[Kappenberg	and	Grabemann,	2001;	Middelburg	and	Her-






1.5. Motivation,	chapter	overview	and	author	contributions	This	dissertation	deals	with	 the	 impact	of	man-made	bathymetric	modification	on	 low	oxygen	conditions	 in	an	anthropogenically	 influenced	and	vertically	well-mixed	estuary,	and	compares	them	to	the	impact	of	a	change	in	eutrophication.		In	 the	 first	chapter,	 I	give	an	overall	 introduction	 to	oxygen	deficits,	human	 impact,	modelling	methods,	the	study	site	and	the	main	objectives	of	the	work.	The	work’s	core	body	is	contained	in	the	following	three	chapters,	each	being	a	separate	manuscript,	of	which	the	first	is	an	already	published	article,	the	second	is	submitted	for	publication,	and	the	third	is	in	preparation.	These	manuscripts	describe	the	developed	method	including	numerical	model	set-up	and	biogeochem-ical	model	configuration,	 the	key	processes	driving	oxygen	dynamics,	different	model	applica-tions	with	bathymetric	 and	 riverine	 load	 scenarios,	 and	 a	detailed	 analysis	 and	discussion	of	results.	 I	 finally	draw	overall	 conclusions	 in	 the	 last	 chapter.	Overall,	 I	 address	 the	 following	questions	in	this	thesis:	
· What	 are	 the	key	processes	driving	 an	 eOMZ	 in	 a	vertically	well-mixed	 system	 and	 is	there	a	bathymetric	impact	on	DO	dynamics?	(Chapter	2)	
· What	are	possible	physical	influences	of	a	realistic	man-made	bathymetric	modification	on	an	eOMZ,	and	are	they	potentially	relevant?	(Chapter	3)	
· How	 large	 is	the	effect	of	man-made	bathymetric	modification	 in	relation	to	changes	 in	nutrient	enrichment?	(Chapter	4)	
	




I.	Holzwarth	and	K.	Wirtz	conceived	the	idea,	and	developed	the	idealized	set-up	and	the	model	configuration.	 I.	Holzwarth	 coupled	 the	models,	performed	 and	 analyzed	 the	 simulations,	 and	wrote	the	manuscript	with	comments	provided	by	K.	Wirtz	
Chapter	3	 focuses	on	a	realistic	man-made	bathymetric	change	and	related	hydrodynamic	ef-fects	 that	 potentially	 influence	 an	 eOMZ.	Results	 indicate	 that	 the	 physical	 impacts	 of	multi-decadal,	man-made	bathymetric	modifications	are	moderate	and	pose	one	among	multiple,	pos-sibly	stronger,	stressors.	Methodically,	this	chapter	promotes	the	approach	to	identify	and	apply	suitable	hydrodynamic	 indicators	 to	describe	 the	 influence	of	physical	 changes	on	 the	 eOMZ.	This	 indicator-based	 approach	 allows	 distinguishing	 between	 bathymetric	modifications	with	potentially	 low	or	high	 impact	on	eOMZs.	As	by-product,	 it	 is	shown	 that	 the	derivation	of	an	empirical	description	for	riverine	water	age	in	dependence	of	freshwater	discharge	at	a	specific	location	 in	 the	estuary	 is	possible.	Chapter	 3	 is	 from	 the	submitted	manuscript:	Holzwarth,	 I.;	Weilbeer,	H.	and	Wirtz,	K.	 (2018):	The	effect	of	bathymetric	modification	on	water	age	 in	 the	Elbe	Estuary.	Submitted	to	Estuarine,	Coastal	and	Shelf	Science.		All	authors	contributed	 to	 the	 idea.	 I.	Holzwarth	performed	 the	simulations	and	analysis,	and	wrote	the	manuscript	with	comments	provided	by	K.	Wirtz	and	H.	Weilbeer.	



















Abstract	 Direct	human	 interference	has	been	shaping	todays	estuaries	 for	centuries,	and	depletion	of	dissolved	oxygen	(DO)	frequently	occurs	in	such	anthropogenically	impacted	estu-aries.	Whereas	the	role	of	nutrient	input	as	a	major	human	impact	driving	DO	depletion	is	clear,	the	effect	of	bathymetric	modiﬁcations	as	another	human	impact	is	less	well-known.	Here,	we	 aim	 at	 a	 better	 understanding	 of	 how	DO	 dynamics	 are	 inﬂuenced	 by	 bathymetric	modiﬁcations	 and	 changed	 nutrient	 input.	Therefore,	we	 introduce	 a	 coupled	 hydrodynamic-biogeochemical	model	 (Untrim-Delwaq)	and	develop	an	 idealized	one-dimensional	set-up	of	 a	vertically	well-mixed,	funnel-shaped	estuary	with	strong	human	impact.	The	set-up	dimensions	are	inspired	by	the	Elbe	Estuary	(Germany)	and	model	results	show	good	agreement	in	compar-ison	to	observational	hydrodynamic	and	water	quality	data.	In	particular,	the	model	reproduces	the	dynamics	of	the	summer	oxygen	minimum	which	regularly	develops	in	the	estuarine	fresh-water	part.	Analysis	of	our	model	runs	shows	that	 the	estuarine	biogeochemistry	 is	dominated	by	hetero-trophic	degradation	processes	rather	than	primary	production	because	of	severe	light	limitation.	








2.1. Introduction	Constituting	the	 interface	between	riverine	and	marine	water	bodies,	estuaries	are	areas	of	 in-tense	biogeochemical	activities.	In	the	center	of	these	activities,	dissolved	oxygen	(DO)	plays	a	prominent	role:	most	of	the	transformation	processes	involve	DO,	and	a	lack	of	oxygen	impacts	the	ecological	functioning	of	an	estuary,	see	Testa	and	Kemp	[2011]	and	references	therein.	Oxygen-depleted	conditions	are	 frequently	 reported	 for	estuaries	worldwide,	 like	 the	Yangtze	Estuary	[Zhu	et	al.,	2011],	Chesapeake	Bay	[Hagy	et	al.,	2004],	the	Scheldt	Estuary	[Meire	et	al.,	2005]	and	the	Elbe	Estuary	[Amann	et	al.,	2012].	The	human	 inﬂuence	on	DO	depletion	ranges	from	globally	acting	anthropogenic	climate	change	to	local	human	interventions.	Climate	change	impacts	on	 estuarine	 ecosystems	have	been	 extensively	 studied	during	 the	past	 two	decades	[Najjar	et	al.,	2000;	Scavia	et	al.,	2002;	Robins	et	al.,	2016],	and	an	exacerbation	of	estuarine	DO	depletion	due	to	 large	scale	changes	 in	e.g.	water	temperature	and	freshwater	discharge	 is	ex-pected	[Rabalais	et	al.,	2009].	In	contrast,	the	effects	of	direct	human	interventions	appear	more	regional	and	versatile	[Wakelin	et	al.,	2015].	Such	direct	effects	basically	arise	from,	e.g.,	chang-ing	the	input	of	substances	like	nutrients,	trace	metals	and	organic	contaminants	[Bianchi,	2007]	or	 from	modifying	 the	estuarine	geometry	by	e.g.	 land	 reclamation,	 realignment,	barriers	and	channel	deepening.	Like	climate	change	effects,	 the	human-induced	change	of	substance	 input	has	 received	much	 attention,	 especially	 the	 increased	nutrient	 load	of	nitrogen	 and	phospho-rous,	which	was	put	on	a	level	with	the	human-induced	rise	of	carbon	dioxide	by	Fulweiler	et	al.	[2012].	The	increase	in	nutrient	input,	which	fuels	primary	production	and	subsequent	oxygen-consuming	microbial	 respiration	of	 its	detritus,	 is	 commonly	believed	 to	be	 the	predominant	driver	of	exacerbated	low	oxygen	conditions	in	estuarine	and	coastal	areas	worldwide	[Diaz	and	




van	Maren	et	al.,	2015a]	and	 the	Elbe	 [Boehlich	and	Strotmann,	2008].	Nevertheless,	scientiﬁc	knowledge	on	the	effect	of	changes	in	bathymetry	to	the	biogeochemical	system,	and	to	DO	dy-namics	in	particular,	is	missing.	This	study	aims	at	understanding	estuarine	DO	dynamics	 in	response	to	 the	direct	human	 im-pacts	of	riverine	nutrient	load	and	depth	change.	Therefore,	we	developed	an	integrated	hydro-dynamic-biogeochemical	 model	 and	 an	 idealized	 model	 domain	 to	 provide	 an	 easier	 under-standing	of	 the	processes	under	 consideration.	The	model	 is	 a	prototype	of	 a	vertically	well-mixed,	alluvial	estuary	 that	 includes	 artiﬁcial	modiﬁcations.	The	domain	dimensions	and	pro-portions	are	 inspired	by	 the	Elbe	Estuary	 (Northern	Germany)	and	 the	geometric	 idealization	enables	transferability	of	the	results	to	other	estuaries.	The	Elbe	Estuary	extends	between	 the	 tidal	barrier	 in	Geesthacht	and	 the	seaward	end	of	 the	maintained	shipping	channel	in	the	German	Bight.	The	tidal	limit,	a	weir,	completely	reﬂects	the	incoming	tidal	wave	and	constitutes	a	clear	landward	end	of	the	estuary.	The	Port	of	Hamburg	is	located	about	30	km	downstream	of	 the	weir.	There,	 the	maintained	marine	shipping	channel	starts	by	a	clear	drop	in	bottom	bathymetry	to	facilitate	the	navigation	of	large	container	ships	between	 the	port	and	 the	sea.	Geometry	and	water	quality	of	 the	Elbe	Estuary	were	changed	considerably	compared	to	pristine	conditions,	making	 it	a	characteristic	example	of	an	anthro-pogenically	inﬂuenced	estuary.	In	this	study,	we	ﬁrst	develop	our	model	and	 increase	conﬁdence	 in	 it	by	comparing	model	re-sults	to	observational	data.	A	subsequent	parameter	sensitivity	study	identiﬁes	the	key	process-es	of	DO	dynamics.	After	that	we	model	different	scenarios	to	investigate	changes	in	DO	dynam-ics	due	to	changes	in	human	 impact.	Besides	a	nutrient	reduction	scenario,	we	especially	focus	on	a	bathymetric	change	and	thus	provide	deep	 insight	into	the	 interplay	between	bathymetry	and	estuarine	DO	dynamics.	
2.2. Methods	We	coupled	the	mathematical	models	Untrim	[Casulli	and	Stelling,	2010]	and	Delwaq	[Postma	et	





2.2.1. Biogeochemical	model	Our	 conﬁguration	 of	 the	 biogeochemical	 model	 Delwaq	 simulates	 the	 dynamics	 of	 nutrients,	phytoplankton,	particulate	organic	matter,	dissolved	organic	matter	and	DO.	In	this	section	we	summarize	 important	 interactions	between	the	state	variables	(see	Figure	3).	Appendix	A	 lists	the	mathematical	formulations	of	the	biogeochemical	model	conﬁguration	in	tabular	form.	Our	model	resolves	nitrogen,	ortho-phosphate	(PO4)	and	free	silicate	(Si)	as	inorganic	nutrients.	Dissolved	 inorganic	 nitrogen	 is	 further	 subdivided	 into	 ammonium	 (NH4)	 and	 nitrate	 (NO3).	The	attenuation	of	light	on	its	way	through	the	water	column	is	linked	to	suspended	mineral	and	organic	material.	The	model	parameterization	bases	on	 the	Beer-Lambert	 law	 and	 includes	 a	general	background	attenuation,	speciﬁc	attenuation	coefﬁcients	for	 inorganic	suspended	mat-ter	(SPMI)	and	particulate	organic	matter,	and	self-shading	effects	from	phytoplankton.	Phytoplankton	is	in	the	model	distinguished	between	freshwater	diatoms	(DIAT)	and	freshwater	non-diatoms	 (NON-DIAT).	 Changes	 in	 their	 biomass	 arise	 from	 three	 processes:	 net	 primary	production,	mortality	and	settling	–	as	also	documented	 in	detail	 in	Appendix	A.	Our	approach	ignores	higher	 trophic	 levels	but	 conceptually	 includes	 grazing	 in	 the	pelagic	 zone	 through	 a	higher	mortality	rate	constant,	and	grazing	by	benthic	ﬁlter	feeders	through	settling.	














an	upstream	dissipating	tidal	wave	and	(ii)	an	adjusted,	deepened	bathymetry	to	meet	naviga-tional	purposes	 instead	of	a	water	depth	generated	 in	a	morphological	equilibrium.	To	 include	the	artiﬁcial	 tidal	 limit,	we	modiﬁed	a	power	 law	 formulation	 [Prandle,	1986]	of	 the	estuarine	width,	resulting	in	Equation	2.	The	model	cross	section	is	rectangular.	
										B = 	B଴ + 	a୬ 	 ∙ xୟ	 	 	 	 	 	 	 	 	 (2)	with	B:	estuarine	width,	B0:	width	at	the	(artiﬁcial)	tidal	 limit,	an:	coefﬁcient,	x:	distance	from	tidal	limit,	and	a:	shape	factor	for	funnel	curvature.	The	dimensions	of	 the	model	 reference	domain	are	 inspired	by	 the	Elbe	Estuary.	For	detailed	information	 on	 the	 geography	 and	 hydrodynamics	 of	 the	 Elbe	 Estuary	 see	 Boehlich	 and	
Strotmann	[2008].	The	total	length	of	the	domain	is	172	km,	the	depth1	of	the	ﬁrst	30	km	down-stream	of	the	weir	and	upstream	of	the	bottom	step	is	6	m,	and	then	depth	is	increasing	down-stream	to	depth2	of	14	m	throughout	the	rest	of	the	model	domain.	The	 initial	width	B0	at	the	tidal	barrier	(km-0)	 is	200	m	and	the	width	BL	at	the	mouth	(km-172)	 is	10	000	m.	All	dimen-sions	are	summarized	in	the	column	for	scenario	R	of	Table	1.	The	coefﬁcient	an	and	the	shape	factor	a	were	chosen	in	such	a	way	that	the	resulting	width	best	ﬁts	the	width	of	the	Elbe	Estu-ary	at	four	evenly	distributed	locations	along	the	total	length	of	the	estuary	and	under	the	con-straint	that	the	volume	of	the	model	domain	corresponds	to	the	Elbe	Estuary	volume.	The	com-putational	mesh	consisted	of	344	elements	with	an	equal	 length	of	500	m	lined	up	in	longitudi-nal	direction.	




2.2.3. Data	for	hydrodynamic	model	forcing	and	evaluation	The	hydrodynamic	model	simulates	 ﬂow	conditions	and	 transport	of	salt	and	water	 tempera-ture.	 Tides	 at	 the	 seaward	 model	 boundary	 and	 freshwater	 inﬂow	 at	 the	 landward	 model	boundary	mainly	govern	water	levels	and	current	velocities	inside	the	model	domain.	We	force	the	 hydrodynamic	model	with	 the	 following	 values:	 (i)	measured	daily	mean	 freshwater	dis-charge	at	the	gauging	station	Neu	Darchau	(last	gauging	station	upstream	of	the	weir,	data	avail-able	on	www.portaltideelbe.de),	 (ii)	water	 temperature	of	 freshwater	discharge	 from	 gauging	station	Cumlosen,	 about	115	km	upstream	of	 the	weir	 (provided	by	Landesumweltamt	Bran-denburg,	 available	on	www.fgg-elbe.de),	 (iii)	 air	 temperature	measurements	 from	 the	 station	Hamburg-Fuhlsbüttel	as	 representative	values	 for	 the	entire	model	domain	 (provided	by	Ger-many's	National	Meteorological	Service	DWD)	to	model	heat	exchange	at	the	water	surface	using	the	 excess-temperature	 model	 [Sweers,	 1976],	 (iv)	 simpliﬁed	 values	 at	 the	 open,	 seaward	boundary:	an	artiﬁcial,	single	semidiurnal	 tide	with	an	amplitude	of	1.0	m,	constant	salinity	of	32	psu	and	observed	water	temperatures	at	'Tonne	5'	(www.fgg-elbe.de)	in	the	estuary	mouth.	The	energy	of	the	water	motion	in	the	model	domain	is	partly	dissipated	by	bottom	friction.	We	use	Nikuradse	bottom	friction	roughness	and	apply	a	constant	value	of	0.1	m	for	the	entire	do-main.	This	relatively	high	value	accounts	for	the	geometric	smoothness	of	the	idealized	system.	To	 evaluate	 the	 hydrodynamic	 model,	 water	 level	 measurements	 at	 several	 gauging	 stations	along	the	estuary	are	available	on	www.pegelonline.wsv.de,	provided	by	the	Water	and	Shipping	Administration	(WSV).	We	ran	 the	model	 for	 the	entire	period	2010	 to	2011	and	used	 the	results	 from	2011	 for	our	analysis	because	 the	year	2011	can	be	 regarded	as	 representative	 in	 terms	of	 freshwater	dis-charge	 into	the	estuary:	there	was	a	high	ﬂooding	event	 in	January	with	a	peak	value	of	about	3500	m3	s-1.	 Discharge	 subsequently	 declined	 to	 commonly	 low	 summer	 values	 between	500	m3	s-1	 and	300	m3	s-1	until	August.	For	 the	 rest	of	 the	year,	 the	discharge	 stayed	between	400	m3	s-1	to	800	m3	s-1	and	therefore	in	the	range	of	the	long-term	mean	discharge	of	712	m3	s-1	(long-term	characteristic	hydrographic	numbers,	published	in	FHH	and	HPA,	[2014]).	












values	 from	 literature.	 Volta	 et	 al.	 [2016b]	 provide	 a	 comprehensive	 overview	 for	 estuarine	model	parameters	such	as	phytoplankton	mortality	rate	and	nitriﬁcation	rate,	though,	partly,	the	use	of	different	parameterizations	complicates	the	transferability.	This	is	especially	the	case	for	organic	matter	degradation	rates	where	varying	organic	matter	pool	partitions	additionally	im-pede	direct	comparability.	Thus	we	investigated	a	larger	range	for	organic	matter	mineralization	rates	than	described	 in	the	above	mentioned	compilation.	The	range	for	maximum	autotrophic	growth	rates	was	taken	from	Wirtz	[2011]	and	literature	therein.	Sensitivity	of	DO	levels	to	light	availability	was	evaluated	by	changing	the	concentration	of	SPMI	in	a	range	typically	found	in	the	estuarine	freshwater	part	of	the	Elbe,	see	e.g.	measurements	in	
Weilbeer	[2015]	for	the	transect	Hamburg.	
2.2.6. Change	scenarios	We	deﬁned	three	scenarios	which	represent	changes	of	human	impact	on	the	estuary,	see	Table	1.	These	three	change	scenarios	are	variations	of	the	reference	scenario	(R)	which	has	been	de-scribed	in	the	previous	sections.	The	ﬁrst	change	scenario	(L)	corresponds	to	the	call	of	reducing	the	human	nutrient	footprint.	This	 scenario	 L	 contains	 a	 reduced	 riverine	 input	 load	of	nutrients,	dissolved	 and	particulate	organic	matter	including	phytoplankton.	To	obtain	a	clear	signal	 in	the	results	we	realized	sce-nario	 L	by	halving	all	 landward	boundary	values	 in	 the	biogeochemical	simulation,	except	 the	one	for	DO.	In	the	second	change	scenario	(D)	we	 implemented	a	bathymetric	change:	the	bot-tom	step	is	located	50	km	further	downstream.	Thus,	the	6	m	deep	section	length1,	see	Figure	4,	is	80	km	long	in	D	compared	to	30	km	in	the	reference	case	R.	The	third	change	scenario	(LD)	is	
a	combination	of	L	and	D	including	reduced	riverine	input	load	and	a	downstream	relocation	of	the	bottom	step.	Whereas	the	hydrodynamic	base	 is	the	same	for	scenarios	R	and	L,	a	rerun	of	the	hydrodynamic	model	was	necessary	 for	scenarios	D	and	LD	because	of	 the	 change	 in	ba-thymetry.	
Table	1:	Definition	of	the	change	scenarios.	For	terms	which	describe	the	model	domain	see	Figure	4.	In	all	scenarios,	 the	 total	 length	of	 the	domain	 is	172	km,	 the	 initial	width	ܤ଴	 is	200	m,	and	 the	seaward	width	ܤ௅is	10	000	m.	
Scenario	long	name	 R	reference	 L	load	reduction	 D	depth	change	 LD	load	&	depth	change	length1			(depth1	6m)	 30	km	 30	km	 80	km	 80	km	length2		(depth2	14m)	 142	km	 142	km	 92	km	 92	km	riverine	load	(nutrients,	phytoplankton,	POC,	DOC)	





2.3.1. Hydrodynamic	results	for	the	reference	scenario	R	Along	 the	estuary,	 the	model	skill	 in	simulating	 large-scale	hydrodynamic	processes	 is	evident	from	a	reproduction	of	the	tidal	range	and	its	symptomatic	changes	including	maximum	values	directly	downstream	of	 the	bottom	step	at	km-30.	Furthermore,	 the	model	simulates	 realistic	water	temperatures	in	the	freshwater	zone.	This	is	indicated	by	correspondence	of	observed	and	simulated	water	 temperature	 at	position	 S2	on	Figure	5b).	Though	 simulated	 results	 tend	 to	overrate	observed	temperatures	during	peak	events	with	up	to	3	K	for	short	periods,	the	differ-ence	is	less	than	0.5	K	during	most	of	the	year.		Altogether,	the	hydrodynamic	model	captures	the	main	features	of	water	elevation	and	related	water	movements,	which	 is	apparent	 from	comparing	modeled	and	measured	mean	high	and	means	low	water	levels,	see	Figure	5a).	As	 a	 proxy	 for	 residence	 time,	 we	 calculate	 ﬂushing	 time	 tflush	 along	 the	 estuary	with	 tflush	 =	Vmean/Qconst,	based	on	the	time-averaged	water	volume	Vmean	in	the	hydrodynamic	results,	and	constant	 freshwater	discharge	Qconst.	Flushing	 time	values	 from	our	model	qualitatively	 agree	with	values	from	Bergemann	et	al.	[1996],	see	Figure	B2	in	Appendix	B.	It	has	to	be	noticed,	that	the	values	in	Bergemann	et	al.	[1996]	base	on	a	30	year	older	bathymetry	and	on	water	volume	below	half	tide	level.	




2.3.2. Biogeochemical	results	for	the	reference	scenario	Computed	 longitudinal	 transects	of	major	biogeochemical	variables	at	 least	qualitatively	agree	with	most	observational	data	 from	helicopter	 ﬂights	 in	2011,	 see	Figure	6.	The	 ﬁrst	proﬁling	date	 at	 the	 beginning	 of	March	 reﬂects	 a	 typical	 end-of-winter/early-spring	 situation.	 In	 this	situation,	concentration	 levels	of	DO	and	 inorganic	nutrients	correspond	to	 typical	winter	val-ues.	Merely	phytoplankton	(as	chlorophyll-a)	concentrations	are	already	elevated	compared	to	common	winter	values.	This	initial	state	is	almost	exactly	reproduced	by	the	model.	Largest	de-viations	result	in	NO3	and	Si	concentrations	at	the	section	more	than	100	km	downstream	of	the	weir.	At	 the	 sampling	 dates	 in	 summer,	 July	 and	August,	 see	 Figure	 6,	model	 results	 exhibit	 large	changes	in	DO,	chlorophyll-a,	NH4,	PO4	and	POC	concentration	along	the	longitudinal	axes	of	the	estuary.	We	observe	 a	 fast	decline	of	 the	high	upstream	 freshwater	phytoplankton	concentra-tions.	Simultaneously,	POC	increases	and	DO	decreases	downstream	of	km-30	to	a	distinct	min-imum	zone	which	is	followed	by	subsequent	oxygen	enrichment.	Right	before	the	oxygen	mini-mum	zone,	a	zone	with	elevated	ammonium	concentrations	is	observed.	The	largest	differences	between	observed	data	and	modeled	 results	are	 apparent	 in	 the	exact	position	of	 the	oxygen	minimum	zone	and	in	NH4	and	PO4	concentration	level.	




The	 last	sampling	date	 (not	shown)	denotes	 a	beginning	of	winter	situation	with	 low	biogeo-chemical	activity	and	substance	concentrations	returning	to	winter	levels.	Apart	from	NH4	con-centrations	and	minor	deviations	 in	DO	 in	the	upper	estuarine	part,	the	model	reproduces	this	situation.	
A	qualitatively	good	agreement	between	observed	and	simulated	biogeochemical	state	variables	also	 follows	 from	 the	comparison	with	 long-term	continuous	measurements	at	 the	stations	S1	and	S2.	In	Figure	7	we	compare	their	DO	data	with	model	results	in	the	corresponding	computa-tional	grid	cell	at	km-23	and	km-42.5,	respectively.	The	comparison	shows	a	generally	good	cor-respondence	between	observed	 and	modeled	values.	At	 the	position	upstream	of	 the	bottom	step	(S1,	upper	panel),	model	results	are	consistently	too	 low	during	some	periods	 in	May	and	August	 to	October,	with	deviations	up	 to	130	mmol	DO	m-3.	These	deviations	match	 the	 trend	visible	during	the	 late	summer	proﬁle	on	Figure	6	with	DO	decreasing	too	fast	downstream	of	the	weir.	At	the	position	downstream	of	the	bottom	step	(S2,	lower	panel)	the	model	well	simu-lates	the	DO	seasonality	though	periodically,	model	results	are	too	high.	Again,	these	systematic	deviations	are	already	indicated	in	Figure	6	by	the	position	of	the	minimum	zone	not	being	cap-tured	exactly	but	further	downstream.		




	Figure	8:	Sensitivity	of	the	DO	minimum	to	changes	 in	model	parameters	during	different	sea-sons.	a)	Maximum	phytoplankton	growth	rate	constant.	b)	Phytoplankton	mortality	rate	constant.	c)	Concentration	of	inorganic	suspended	particulate	matter.	d)	Nitrifi-cation	rate	constant.	e)	Mineralization	rate	constant	of	easily	degradable	particulate	organic	 matter.	 f)	 Mineralization	 rate	 constant	 of	 dissolved	 organic	 matter.	 The	black	bar	marks	 the	standard	 reference	value	used	 in	 this	study.	The	grey	shaded	areas	indicate	parameter	ranges	available	in	the	literature.	




reference	values	 lie	within	 the	 common	magnitude.	Within	 this	 range,	 the	model	 reacts	most	sensitive	 to	 the	mineralization	 rate	 constant,	phytoplankton	mortality	 rate	 constant	 and	 light	attenuation	during	summer.	
2.3.4. Analysis	of	process-based	changes	in	DO	We	calculate	mean	volume-based	bulk	changes	of	DO	by	averaging	the	process	rates	over	peri-ods	of	two	months,	see	Table	2.	Small	DO-related	bulk	changes	in	January	and	February	(Table	2),	DO	concentrations	at	90	–	100	%	saturation	level	(Figure	7),	and	winter	DO	values	remaining	almost	unaffected	 from	 large	parameter	variations	 (Figure	8),	 consistently	 show	 that	biogeo-chemical	activity	is	low	during	winter.	Note	that	the	high	value	for	winter	reaeration	in	Jan/Feb	results	from	the	input	of	riverine	water	with	only	about	80	%	DO	saturation.	This	undersaturat-ed	water	forces	atmospheric	DO	enrichment	in	the	upper	part	of	the	estuary.	In	the	years	before	and	after	2011	the	riverine	DO	saturation	lay	between	90	and	100	%	during	this	season.	Explain-ing	the	unusual	situation	in	2011	is	beyond	the	scope	of	this	study.	Though	the	reaeration	value	appears	high,	it	has	no	further	inﬂuence	on	our	results	and	on	the	following	analysis.	Active	processes	in	early	spring	are	mineralization,	reaeration	and	primary	production	(scenario	
R	in	Figure	9;	note,	that	Table	2	contains	volume-based	bulk	changes	but	Figure	9	shows	depth-integrated	change	 rates).	Primary	production	 is	slightly	active	with,	at	most,	24	mmol	DO	m-2.	Upstream	of	 the	weir,	primary	production	also	starts	becoming	active	at	 this	 time	of	 the	year,	and	 the	 incoming	 water	 is	 DO	 oversaturated.	 Therefore,	 outgassing	 causes	 reaeration	 losses	from	 up	 to	 250	mmol	DO	m-2	 directly	 downstream	 of	 the	weir.	Organic	matter	mineralization	produces	depth-integrated	 change	 rates	between	40	 and	70	mmol	DO	m-2	 in	 the	 entire	model	domain	leading	to	compensation	rates	with	positive	reaeration	values	downstream	of	km-50.	
Table	2:	Mean	DO	bulk	changes	in	the	freshwater	zone	between	km-0	and	km-120	for	reference	scenario	R	in	mmol	DO	m-3	d-1.	 'Sum	 of	 all'	 contains	 all	 depth-integrated	 change	 rates	 and	 transport-related	DO	exchanges.	










transport	 induced	 changes,	 peaks	 directly	 downstream	 of	 the	 bottom	 step	 with	 approx.	900	mmol	DO	m-2	in	July.	Throughout	late	summer	mineralization	remains	high	(Table	2),	because	of	high	water	tempera-tures	 promoting	 decomposition	 and	 mineralization.	 In	 contrast,	 primary	 production	 and	 the	related	DO	production	reduces	by	about	50	%	due	to	much	lower	upstream	phytoplankton	input	population.	Production	 further	declines	during	autumn	and	almost	ceases	 at	 the	beginning	of	winter.	Mineralization	 and	nitriﬁcation	 activity	decrease	more	 gradual	 from	 late	 summer	 to-wards	 the	 end	of	 the	year	 following	 the	 falling	water	 temperature	 and	 reduction	of	 easy	de-gradable	material	delivered	by	primary	production.	










a	strong	decline	 in	DO.	In	D,	the	sv-ratio	starts	declining	further	downstream	at	km-80.	There,	the	concentration	of	easily	degradable	material	is	considerable	smaller	because	much	of	the	or-ganic	material	has	 already	been	degraded	 and	mineralized	 further	upstream	where	 the	more	favorable	sv-ratio	better	counterbalances	DO	 losses.	The	remaining	degradable	material	down-stream	of	km-80	does	not	generate	similar	DO	depletion	compared	to	R.	In	scenario	LD,	the	combination	of	reduced	boundary	input	load	and	downstream	relocated	bot-tom	step	results	in	an	almost	linear	superposition	of	the	effects	observed	in	L	and	D,	leading	to	considerable	lower	DO	depletion	during	summer,	see	Figure	10.	The	water-column	change	rates	are	inﬂuenced	proportionally	to	those	in	D	and	we	do	not	observe	an	additional	feedback	mech-anism.	An	 instructive	measure	 to	compare	 the	different	scenarios	with	 regard	 to	DO-relevant	processes	is	the	ratio	between	producing	and	consuming	processes	(prod/cons-ratio,	Table	3).		This	ratio	is	an	equivalent	to	the	carbon-based	P:R	ratio,	i.e.	in	Garnier	et	al.	[2001],	in	terms	of	oxygen.	The	prod/cons-ratio	 is	 calculated	by	dividing	 the	bulk	 changes	of	DO-producing	pro-cesses	(in	our	case:	primary	production)	by	the	bulk	changes	of	the	consuming	processes	(in	our	case:	mineralization	and	nitriﬁcation).	We	disregard	the	oxygen	exchange	with	the	atmosphere	in	the	calculation	of	this	ratio	because	the	exchange	basically	is	a	reaction	process	in	the	biogeo-chemical	system.	The	resulting	prod/cons-ratios	reveal	that	the	DO-consuming	processes	always	clearly	outweigh	the	DO-producing	processes	in	all	scenarios	and	in	all	seasons	in	the	estuarine	freshwater	 zone.	An	 annual	 cycle	 is	 common	 to	 all	 scenarios	with	 highest	 ratios	 resulting	 in	spring	 and	 early	 summer	 and	 decreasing	 to	 low	 ratios	 in	winter.	 Comparing	 the	 prod/cons-ratios	between	 the	different	scenarios	clearly	shows	 that	 the	 relation	of	DO-producing	 to	DO-consuming	processes	is	similar	for	R	and	L,	and	for	D	and	LD,	respectively.	The	prod/cons-ratio	thus	conﬁrms	that	the	reduction	in	riverine	loads	almost	linearly	scales	down	the	biogeochemi-cal	system	whereas	the	change	in	geometry	introduces	more	complex	responses.	
Table	3:	Mean	DO	bulk	changes	for	primary	production,	mineralization	and	nitrification	in	the	freshwater	zone	 between	 km-0	 and	 km-120	 for	 scenarios	 R,	 L,	 D	 and	 LD	 in	 mmol	 DO	 m-2	 d-1.	 The	prod/cons-ratio	describes	the	relation	between	the	bulk	changes	of	the	DO-producing	(here:	primary	 production)	 and	 the	 DO-consuming	 processes	 (here:	 mineralization	 and	nitrification).	
	 primary	production	 mineralization	 nitrification	 prod/cons	-	ratio	





	Figure	11:	Surface-to-volume	ratio	of	the	water	body	for	reference	scenario	R	(dark	grey	area)	and	 changed	 depth	 scenario	 D	 (light	 grey	 area)	 along	 the	 idealized	 estuarine	do-main.	Bar	plots	show	 the	concentrations	of	 the	carbon	 fractions	POC1	(very	easily	degradable),	DOC	(easily	degradable),	POC2	(slowly	degradable)	and	 their	relative	contributions	to	the	total	amount	of	degradable	organic	matter,	for	scenario	R	at	the	position	of	the	bottom	step	at	km-30	and	for	scenario	D	at	the	position	of	the	bottom	step	at	km-80.	Data	plotted	for	the	summer	situation	on	4-July-2011.	
2.4. Discussion	





fer	 coefﬁcients	 in	Thomann	and	Mueller	 [1987],	derived	by	 the	 formulations	of	O'Connor	and	
Dobbins	[1958]	and	Banks	and	Herrera	[1977].	Compared	to	mineralization	by	aerobic	respiration,	nitriﬁcation	has	a	globally	 lower	 impact	on	the	DO	depletion	-	with	the	exception	of	further	downstream	areas	during	summer.	Considering	the	 overestimated	 NH4	 concentration	 simulated	 during	 summer	 downstream	 of	 the	 bottom	step,	 nitriﬁcation	 rate	 in	 our	 study	 may	 be	 too	 high	 so	 that	 one	 can	 expect	 an	 even	 lower	inﬂuence	of	nitriﬁcation	on	DO	 than	 indicated	by	our	 results.	This	 ﬁnding	 contrasts	previous	studies	such	as	for	the	Pearl,	Seine	or	the	Forth	estuary,	where	a	larger	relevance	of	nitriﬁcation	has	been	suggested,	possibly	due	to	a	 lacking	nitriﬁcation	step	 in	urban	wastewater	treatment		[Balls	et	al.,	1996;	Garnier	et	al.,	2001].	DO	production	by	primary	production	in	our	model	estuary	with	its	reference	bathymetry	plays	
a	minor	role	on	DO	dynamics	and	 is	merely	performed	by	phytoplankton	 introduced	 from	 the	continental	 river	section.	Our	model	predicts	severe	 light	 limitation	of	phytoplankton	growth,	especially	in	the	deeper	sections	of	the	estuary,	very	much	in	the	range	reported	by	Soetaert	et	
al.	[1994]	for	the	Westerschelde.	Light	limitation	might	be	even	stronger	in	many	estuaries	be-cause	the	SPMI	concentration	used	in	our	study	(47	g	m-3)	is	a	low	estimate,	not	only	for	the	Elbe	[Weilbeer,	2015],	but	also	for	many	estuaries	worldwide:	it	rarely	falls	below	50	g	m-3	in	the	Co-lumbia	River	estuary	[Gelfenbaum,	1983],	and	may	reaches	up	to	more	than	1000	g	m-3	in	highly	turbid	estuaries	like	the	Ems	[Weilbeer,	2008]	and	the	Guadalquivir	[Diez-Minguito	et	al.,	2014].	Altogether,	oxygen	yield	by	primary	production	only	slightly	counteracts	the	DO	depletion	in	the	most	critical	zone.	Opposing	evidences	on	the	predominance	of	heterotrophy	 in	estuaries	[Caf-
frey,	2004;	Bianchi,	2007;	Cloern	et	al.,	2014;	Volta	et	al.,	2016b]	may,	 to	some	extent,	merely	reﬂect	the	diversity	of	estuarine	systems.	Our	results	reinforce	the	heterotrophic	view,	particu-larly	for	anthropogenically	impacted	estuaries.	




berg,	2008].	Simulations	aiming	at	 a	quantiﬁcation	of	nutrient	 reduction	effects	will	 therefore	have	 to	cover	several	years	 to	model	 the	nutrient	recovery	response	pathway.	Though	our	re-sults	suffer	 from	 these	shortcomings	 to	make	quantitative	statements,	our	ﬁndings	emphasize	the	role	of	riverine	nutrient	 load	reduction	to	combat	anthropogenically	 induced	estuarine	DO	depletion.	However,	more	 complex	 feed-backs	 emerge	 in	 the	 scenario	 describing	 a	 bathymetric	 change,	which	constitutes	 a	 special	case	of	 a	geometric	change.	Basically,	 a	geometric	change	 induces	changes	 in	 hydrodynamic	 characteristics.	 Interdependencies	 between	 various	 hydrodynamic	characteristics	 and	biogeochemical	processes	have	 already	been	 studied	by	 e.g.	 Regnier	 et	al.	[2013]	and	Arndt	et	al.	[2007].	In	our	study	we	focus	on	the	biogeochemical	system	response	of	a	bathymetric	(i.e.	depth	related)	change	as	the	most	pervasive	human	 intervention	 in	estuarine	geometry	nowadays.	We	show	that	a	bathymetric	change	particularly	entails	an	alteration	in	the	surface-to-volume	 ratio.	Thereby,	 the	exchange	possibility	of	gases	with	 the	atmosphere	 is	al-tered.	Our	results	 illustrate	that	this	effect	strongly	 inﬂuences	DO	dynamics	 in	such	a	way	that	high	DO	depletion	occurs	if	a	decrease	in	surface-to-	volume	ratio	coincides	with	high	concentra-tions	 of	 easily	 degradable	 material.	 So,	 we	 generally	 ﬁnd	 the	 interplay	 between	 surface-to-volume	ratio	and	the	degradability	state	and	amount	of	organic	material	to	be	most	important	in	determining	 the	 speciﬁc	 ability	of	 the	 system	 to	 recover	high	DO-mineralization	 losses	by	 at-mospheric	 input.	This	 interrelation	presumably	plays	a	key	role	 in	other	eutrophic	well-mixed	estuaries	with	heavy	man-made	bathymetric	modiﬁcations	and	we	suggest	comparable	analyses	as	done	above	in	such	systems.	In	the	Loire	(France),	for	example,	the	overall	setting	in	terms	of	hydrodynamics,	river	discharge,	riverine	nutrient	and	phytoplankton	load	is	comparable	to	the	one	used	 in	this	study,	but	the	main	bottom	step	 is	 located	much	further	downstream	[Abril	et	



















Abstract	 The	 transport	 time	 of	 substances	 is	 a	 physical	 factor	 that	 influences	 the	 com-pleteness	of	biogeochemical	reactions	in	the	estuary	or	certain	estuarine	sections.	Since	hydro-dynamic	changes	 induce	changes	 in	 transport	 time,	river	discharge	and	 its	seasonal	variability	strongly	determine	the	transport	time	of	riverine	water	and	its	fluctuations.	A	factor	that	leads	to	a	permanent	change	in	hydrodynamics	is	man-made	bathymetric	modification.	However,	the	impact	of	such	modification	on	transport	time	has	never	been	quantified.	Here	we	show	for	the	Elbe	Estuary	(Germany)	that	the	impact	of	typical,	decadal	man-made	bathymetric	modification	on	the	transport	time	of	riverine	water	is	much	smaller	than	the	effect	of	the	natural	variability	in	river	discharge.	We	used	riverine	water	age	 to	determine	 transport	 time	and	 found	the	age	difference	due	to	river	discharge	variation	to	be	in	the	order	of	days	to	weeks,	depending	on	the	location	within	the	estuary.	A	simple	approximation	of	the	observed	dependency	between	river-ine	water	 age	 and	 the	 inverse	of	 the	discharge	 is	presented	 and	discussed.	 In	 contrast	 to	 the	strong	influence	of	discharge,	we	found	the	age	difference	between	scenarios	which	differ	by	the	effect	of	40	years	of	man-made	bathymetric	modification	to	be	 in	the	order	of	hours	up	to	one	day,	depending	on	location	and	discharge.	Overall,	riverine	water	age	increases	by	approximate-ly	7	%	in	the	higher	impacted	bathymetry,	suggesting	that	transport	time	is	only	slightly	affected	by	the	considerable	depth	differences	of	several	meters	in	large	parts	of	the	estuary.	Neverthe-less,	the	increase	in	transport	time	potentially	poses	an	additional	stressor	to	the	estuarine	oxy-gen	minimum	zone	in	the	higher	anthropogenically	impacted	bathymetry,	especially	in	combina-tion	with	 the	reduced	reaeration	ability	due	 to	 the	decreased	water	surface-to-volume	ratio.	A	precise	quantification	 in	 terms	of	oxygen,	 though,	will	have	 to	consider	 a	possible	shift	of	 the	oxygen	 minimum	 location	 and	 requires	 investigation	 with	 a	 process-based	 biogeochemical	model.	
	
















The	model	domain	extends	along	 the	170	km	estuarine	shipping	channel,	starting	at	 the	 tidal	boundary	(km-0,	see	Figure	12)	down	to	the	end	of	the	maintained	shipping	channel	in	the	inner	German	Bight,	see	Figure	13a.	The	domain	contains	the	entire	volume	between	the	main	dikes	and	includes	the	largest	eight	tributaries	of	the	estuary.		The	model	is	steered	with	realistic	boundary	values	for	the	years	2010	and	2011:	at	the	riverine	boundary,	we	use	daily	measurements	of	river	discharge	at	the	last	riverine	gauging	station	Neu	Darchau	(50	km	upstream	of	the	weir	at	km-0;	data	from	Water	and	Shipping	Authority	Lauen-burg,	accessed	at	www.fgg-elbe.de).	Riverine	water	temperature	values	originate	from	observa-tions	at	the	station	Cumlosen	(115	km	upstream	of	the	weir	at	km-0;	data	from	Landesamt	für	Umwelt	Brandenburg,	accessed	at	www.fgg-elbe.de)	and	salinity	 is	kept	constant	at	0.4	psu.	In	the	tributaries	we	employ	long-term	mean	discharge	estimates	[IKSE,	2005]	due	to	a	lack	of	dis-charge	measurements.	Wind	and	air	temperature	fields	for	the	entire	domain	are	provided	from	daily	forecasts	(Deutscher	Wetterdienst	DWD).	At	the	seaward	open	boundary,	water	level	val-ues	stem	from	a	numerical	circulation	model	of	the	German	Bight,	salinity	is	kept	constant	at	32	psu	 and	 we	 use	water	 temperature	 from	 the	 offshore	 observation	 station	 FINO1	 (data	 from	http://fino.bsh.de)	which	is	located	outside	the	model	domain	in	the	North	Sea.	










Table	4:	Overview	on	scenarios;	scenarios	differ	 in	bathymetry	(Hi,	Lo)	and	riverine	 freshwater	 inflow.	The	 reference	 simulation	 Hi-M	 is	 bases	 on	 the	 bathymetry	 Hi	 and	 measured	 riverine	discharge;	Hi-M	thus	represents	the	situation	in	the	years	2010	and	2011.	Freshwater	discharge	 Measured		2010	–	2011		 Constant		300	m3	s-1		 Constant		700	m3	s-1	 Constant		1300	m3	s-1	Hi	 Hi-M	(reference)	 Hi3	 Hi7	 Hi13	Lo	 Lo-M	 Lo3	 Lo7	 Lo13	
	
3.2.3. Water	age	calculation	Delhez	et	al.	 [1999]	defines	 the	age	of	a	water	parcel	as	 the	 time	 that	elapsed	since	 the	water	parcel	entered	a	domain	of	 interest	outside	of	which	the	age	 is	prescribed	to	be	zero.	Thereby,	age	is	a	pointwise,	time-dependent	result	in	the	domain	and	its	calculation	is	derived	in	an	Eu-lerian	framework	to	run	with	the	algorithms	of	a	numerical	model.		We	use	the	calculation	of	water	age	implemented	in	D-Water	Quality	[Postma	et	al.,	2003;	Smits	and	van	Beek,	2013],	which	is	based	on	the	tracking	of	two	tracers	that	are	transported	by	fluid	motion.	One	tracer	(Tcon)	is	conservative	whereas	the	other	tracer	(Tdec)	is	subjected	to	expo-nential	 growth	 or	 decay	 and	 related	 to	 the	 concentration	 of	 Tcon	 according	 to:	 ܥ்ௗ௘௖(ݐ) =




= 	−∇ 	 ∙ (࢛	ܥ்௖௢௡ −ࡷ	∇ܥ்௖௢௡)	 	 	 	 	 	 	 (1)	
డ஼೅೏೐೎
డ௧
= 	 −ߛܥ்ௗ௘௖ − ∇	 ∙ (࢛	ܥ்ௗ௘௖ −ࡷ	∇ܥ்ௗ௘௖)	 	 	 	 	 (2)	The	water	age	a	is	then	calculated	by		
ܽ = ୪୬	(஼೅೏೐೎ ஼೅೎೚೙)⁄
ఊ
	 	 	 	 	 	 	 	 	 (3)	We	 focus	on	 the	age	of	riverine	water	because	 the	riverine	substance	 load	governs	 the	strong	biogeochemical	processes	 in	the	Elbe	Estuary	[Schroeder,	1997;	Dähnke	et	al.,	2008;	Amann	et	al.,	2012,	2014].	To	estimate	the	time	that	elapsed	since	a	riverine	water	signal	entered	the	estu-ary,	we	charge	water	discharge	at	the	tidal	barrier	with	constant	concentrations	of	the	conserva-tive	as	well	as	the	decayable	tracer.	During	the	simulation,	riverine	water	age	ariv	is	then	calcu-lated	for	each	computational	element,	based	on	Equation	3.	
3.3. Results	




skill	statistics	 in	Table	5	and	Figure	14.	The	deviation	 in	salinity	(Table	5)	mainly	results	from	using	 constant	boundary	 conditions.	Our	 results	 complement	 Sehili	 et	 al.	 [2014]	who	 already	showed	good	agreement	between	model	results	and	observations	for	water	level	during	selected	periods	in	the	years	2006	and	2011.		Time	 series	 comparison	 generally	 shows	 a	 good	 agreement	between	 simulated	 and	observed	water	level	and	current	velocity,	including	magnitude	and	timing,	see	an	example	in	Figure	15	at	
a	station	 that	 is	 located	close	 to	S1	(Figure	12).	The	deviation	 in	water	 temperature	predomi-nantly	occurs	during	summer	and	originates	 from	neglecting	 the	effect	of	power	plant	cooling	waters.	Altogether,	the	model	provides	a	reliable	hydrodynamic	base.		
	Figure	14:	Taylor	diagram	on	the	statistical	comparison	of	model	results	for	the	reference	sce-nario	HI-M	with	observations.	Blue	dots	show	values	for	model	skill	at	the	position	of	water	level	measurements,	red	dots	for	current	velocities,	yellow	dots	for	salinity,	and	violet	dots	for	water	temperature.	Observation	stations	and	period	of	compari-son	are	identical	to	the	ones	assessed	in	Table	5.	Table	 5:	 Model	 skill	 in	 comparison	 to	 observations.	 n	 gives	 the	 number	 of	 observation	 stations.	 The	statistical	 figures	were	 calculated	using	all	available	measurements	at	each	 station	 for	 the	entire	simulation	period	from	01.01.2010	to	31.12.2011.	Variable	with	





	Figure	15:	Time	series	comparison	of	observed	and	simulated	water	level,	current	velocity	and	water	 temperature	of	 the	reference	scenario	Hi-M	for	a	period	of	two	days	 in	May	2011.	Time	series	record	is	close	to	S1:	water	level	data	are	compared	at	the	gauging	station	Hamburg/St.	Pauli	(km-37).	The	absolute	value	of	current	velocity	and	water	temperature	 are	 compared	 at	 the	 continuous	measuring	station	D1-Hanskalbsand	(km-57).	 Measurements	 from	 Water	 and	 Shipping	 Agency	Hamburg,	 available	 on	www.portaltideelbe.de.	Salinity	 is	not	shown	because	 the	position	 is	 located	 in	 the	freshwater	section.	







	Figure	16:	a)	Time	series	of	measured	river	discharge	Q	(blue	line)	and	calculated	riverine	water	age	ariv	for	the	year	2011.	Values	for	ariv	are	shown	at	the	stations	S1	(km-43,	posi-tion	Seemannshöft)	and	S2	(km-65,	D2	 Julesand)	 in	 the	estuarine	 freshwater	part,	and	S3	(km-90,	position	D4	Rhinplate)	in	the	salinity	mixing	zone	for	the	scenarios	Hi-M	(black)	and	Lo-M	(grey),	respectively.	b)	Black	dots	show	daily	ariv	values	plot-ted	versus	freshwater	discharge	Q	for	the	stations	S1,	S2	and	S3;	the	lines	show	a	fit	for	each	station	with	the	equation	given	in	the	box.	




er	but	behave	 in	 the	same	way:	differences	are	smallest	after	 the	 flood	 in	 January	 (~	 8	hours	difference)	and	they	are	highest	during	low	river	discharge	(~38	hours).	The	areal	differences	between	Hi-M	and	Lo-M	(Figure	17b)	confirm	 that	 ariv	 is	 larger	 in	Hi-M,	apart	from	some	harbor	basins	and	bank	areas	that	silted	up	or	had	been	backfilled.	Figure	17b	also	indicates	that	ariv	differences	increase	downstream.	
	
	Figure	17:	a)	Spring-neap	tidally	averaged	water	age	ariv	 in	June	2011	for	scenario	Hi-M.	There	are	some	conspicuous	patches	in	the	middle	of	the	estuary	(sand	banks	and	islands)	and	at	the	banks	that	appear	to	have	a	water	age	below	1	day:	these	are	elevated	ar-eas	that	have	fallen	dry	and	have	a	water	age	of	zero.	b)	Water	age	difference	(Lo-M)	




	Figure	18:	Upper	panels:	Riverine	water	age	along	the	estuary	for	scenarios	with	constant	dis-charge.	Lower	panels:	Difference	 in	riverine	water	age	between	scenarios	with	 the	same	discharge	but	different	bathymetries.	Left	panels	show	values	along	the	entire	shipping	channel,	right	panels	show	a	zoom	 in	the	upstream	40	km	of	the	shipping	channel.	In	the	constant	freshwater	discharge	scenarios	(Hi3,	Hi7,	Hi13),	riverine	water	age	ariv	behaves	similarly	 to	 the	scenarios	with	variable,	measured	discharge:	ariv	 increases	with	distance	 from	the	tidal	barrier	and	with	decreasing	discharge	(Figure	18	upper	 left	panel).	In	addition	to	the	variable	discharge	scenarios,	 the	quasi-stationary	 results	 for	 the	constant	discharge	scenarios	better	 allow	 an	 evaluation	 on	 the	 longitudinal	 profile.	Most	 prominent	 is	 the	 accelerated	 in-crease	in	ariv	between	km-20	and	km-35	(Figure	18	zoom	area	on	upper	right	panel).	During	the	15	km	 long	distance,	ariv	 increases	from	1.5	days	to	6.4	days	 in	the	 low-flow	scenario	Hi3,	from	14	hours	to	2.5	days	in	Hi7	and	from	8	hours	to	1.3	days	in	Hi13.	Downstream	of	km-35,	the	in-crease	 in	ariv	continues	steadily	but	more	gradually.	55	km	further	downstream,	at	position	S3,	






3.4.1. Proportionality	between	water	age	and	river	discharge	The	local	dependency	between	riverine	water	age	ariv	and	river	discharge	ܳ	seems	to	relate	ariv	to	the	inverse	of	ܳ	with	some	exponent.	While	Kärnä	and	Baptista	[2016b],	for	example,	found	a	slightly	different	dependence,	ܳି଴.଺଺,	for	one	specific	section	in	the	Columbia	River	estuary,	we	found	ܳିଵ	to	fit	our	data	well,	especially	in	the	lower	discharge	range	and	for	upstream	stations.	The	equations	which	we	fitted	to	the	results	of	the	reference	scenario	Hi-M	at	the	three	stations	S1,	S2,	S3,	and	which	are	 indicated	 in	Figure	16b,	also	approximates	the	age	values	 in	the	con-stant	discharge	scenarios	(Figure	18,	upper	panels)	at	each	of	the	three	locations.	We	provide	a	simple	derivation	of	this	dependency	below.	Let	ܳ	be	a	specified	river	discharge;	the	estuarine	width	depends	on	distance	ݔ	 	from	the	tidal	limit	(ݔ = 0)	with	ܤ(ݔ) = ܤ଴ ∙ ݁௞∙௫ 	 	[Prandle,	1986],	and	depth	ܪ	 is	assumed	to	be	constant	for	simplicity.	The	exponent	݇	 is	a	constant	shape	 factor	 for	 the	estuarine	 funnel	curvature	and	a	system	 constant.	 Then,	 the	 cross-sectional	 area	 can	 be	 approximated	 by		ܣ(ݔ) = 	ܣ଴ ∙ ݁௞∙௫,	with		ܣ଴ = ܤ଴ ∙ ܪ.	The	residual,	cross-sectional	downstream	velocity	can	be	approximated	by	
ݒ(ݔ) = 	 ொ
஺బ
∙ ݁ି௞∙௫ 		.		 	 	 	 	 	 	 	 	 [1]	The	average	residual	velocity	ݒ	for	the	section	between	ݔ = 0	(tidal	limit,	point	of	release	of	riv-er	discharge	ܳ)	and	some	distance	ݔ	downstream	is	







∙ [1 − ݁ି௞∙௫]				.	 	 	 	 	 		 	 [2]	So,	the	average	time	a	water	parcel	needs	to	flow	from	the	point	of	release	to	some	position	ݔ	downstream	is	




				.	 	 	 	 	 	 	 	 [3]	While	ܣ଴	and	݇	are	constants	 for	a	specific	estuary,	ܶ(ݔ)	 in	Equation	3	solely	depends	on	 the	inverse	of	river	discharge,		ܳିଵ .	The	derivation	above	provides	a	generic	approximation	for	a	dependency	of	riverine	water	age	




but	 real	 estuarine	 shapes	 deviate	 from	 it	 and	 include,	 e.g.,	 non-monotonic	 growth	 in	 cross-section.			Nevertheless,	 the	 generic	dependency	 in	Equation	 3	 lets	us	 expect	 a	 similar	 relation	 in	other	estuaries	and	we	encourage	riverine	water	age	assessments	similar	to	ours.	
3.4.2. Effect	of	man-made	bathymetric	modification	on	water	age	Large	depth	differences	exist	between	the	bathymetric	scenarios	Hi	and	Lo	(Figure	13b	and	Fig-ure	13c).	In	scenario	Hi,	the	navigation	channel	is	several	meters	deeper	whereas	lateral	areas	at	the	banks	of	 the	 estuary	are	up	 to	several	meters	shallower.	 In	 total,	 the	estuarine	volume	 is	about	6.7%	larger	in	Hi	compared	to	Lo.	The	larger	water	volume	explains	the	general	increase	in	riverine	water	age	under	the	higher	human	impact	in	Hi-M.	During	the	time	period	that	we	considered	in	this	study,	discharge	values	were	not	constant	long	enough	for	ariv	to	reach	steady	state	values.	We	therefore	also	studied	scenarios	with	different	constant	discharges	and	found	the	ariv	differences	between	the	bathymetric	scenarios	(Hi3	and	Lo3,	Hi7	and	Lo7,	Hi13	and	Lo13,	respectively)	to	be	in	the	same	order	of	magnitude	as	the	dif-ference	between	Hi-M	and	Lo-M.	This	consistency	in	results	for	different	discharge	regimes	lets	us	reliably	determine	the	difference	in	ariv	due	to	the	bathymetric	modifications	to	be	in	the	or-der	of	several	hours	in	most	sections	of	the	estuary,	corresponding	to	6-8%	of	the	absolute	val-ue.	Overall,	the	variation	in	water	age	ariv	due	to	varying	discharge	within	each	of	the	scenarios	Hi-M	and	Lo-M	 is	much	 larger	 than	 the	difference	 in	ariv	due	 to	a	different	bathymetry	at	any	equal	discharge	regime.		
3.4.3. Relation	to	estuarine	oxygen	dynamics	Transport	 time	 scales	 are	usually	 explored	 in	 the	 context	of	biogeochemical	or	water	quality	issues	[Chan	et	al.,	2002;	Fujiwara	et	al.,	2002;	Shen	and	Haas,	2004;	Brye	et	al.,	2012;	Rayson	et	
al.,	2016;	Ahmed	et	al.,	2017].	Here,	we	focus	on	estuarine	oxygen	dynamics	because	in	the	Elbe	Estuary	 [Schroeder,	 1997;	 Amann	 et	 al.,	 2012]	 and	 in	 many	 other	 contemporary	 estuaries	worldwide,	 estuarine	 oxygen	 minimum	 zones	 (eOMZs)	 are	 frequently	 observed	 [Billen	 et	 al.,	2001;	Abril	et	al.,	2003;	Hagy	et	al.,	2004;	Zhang	and	Li,	2010;	Ruiz	et	al.,	2015;	Tomaso	and	Naj-
jar,	2015].	The	eOMZs	are	mainly	 linked	 to	anthropogenic	 impacts,	of	which	eutrophication	 is	the	most	frequently	reported	cause	[Cloern,	2001;	Diaz,	2001;	Breitburg	et	al.,	2003;	Paerl,	2006;	
Kemp	et	al.,	2009;	Conley	et	al.,	2009;	Paerl,	2009;	Rabalais	et	al.,	2010;	Howarth	et	al.,	2011;	Díaz	





jiwara	et	al.,	2002;	Scully,	2013;	Bruce	et	al.,	2014;	Du	and	Shen,	2015],	where	wind	conditions	and	freshwater	discharge	govern	the	strength	of	the	stratification	and	thus	are	the	dominating	physical	influence	mechanisms.	In	well-mixed	estuaries,	comparable	studies	are	missing,	maybe	because	the	intrinsic	hydrodynamic	conditions	are	favorable	to	counteract	low	dissolved	oxygen	concentrations	by	the	generally	greater	possibility	to	supply	oxygenated	water	from	the	surface.	Nevertheless,	eOMZs	 regularly	occur	 in	many	well-mixed	estuaries	 [Schroeder,	1997;	Verity	et	
al.,	2006;	Lanoux	et	al.,	2013;	Diez-Minguito	et	al.,	2014].	Bathymetric	deepening	 in	well-mixed	estuaries	 influences	physical	 factors	of	eOMZ	 formation,	mainly	the	transport	of	degradable	organic	matter	via	changes	 in	hydrodynamics	and	the	rela-tive	atmospheric	 interface	for	reaeration	due	to	the	reduction	 in	water	surface-to-volume	ratio	(sv-ratio).	Despite	these	possible	 influences	of	bathymetric	deepening	on	an	eOMZ,	there	 is	no	quantification	of	physical	effects	known	 to	us,	 though,	similar	 to	 the	Elbe	Estuary,	many	well-mixed	estuaries	worldwide	experience	the	phenomena	of	a	strongly	deepened	navigation	chan-nel	 and	 severe	 eOMZs,	 like	 the	upper	Delaware	Estuary	 [DiLorenzo	 et	al.,	1994;	 Sharp,	 2010;	
Tomaso	and	Najjar,	2015],	 the	 Scheldt	 [Meire	 et	al.,	2005;	 van	Damme	 et	al.,	2005],	 the	Loire	[Abril	et	al.,	2003;	Etcheber	et	al.,	2007;	Walther	et	al.,	2015]	or	the	Guadalquivir	[Diez-Minguito	






Phelps,	1925;	Chapra,	2008],	hydrodynamic	influence	on	an	eOMZ	may	be	exerted	in	both	ways,	by	oxygen	consumption	and/or	supply.	We	 thus	 investigate	two	 indicators,	one	 for	changes	 in	oxygen	demand	due	to	bathymetric	modification	and	one	for	changes	in	oxygen	supply.	Based	on	the	considerations	in	the	previous	section,	we	take	organic	matter	transport	time	as	an	indicator	 for	 accumulated	oxygen	demand	 and	 assume	 that	 riverine	water	 age	 ariv	 represents	organic	matter	transport	time.	Given	the	detected	increase	in	ariv	of	approximately	7	%,	our	re-sults	hint	at	an	increase	in	accumulated	oxygen	demand	caused	by	a	realistic,	40-year	bathymet-ric	change	due	to	human	interference.	




modification	implies	that	more	water	volume	has	to	be	reaerated	through	the	same	surface	area	and	thus	indicates	a	lower	oxygen	supply	to	the	eOMZ.	In	 Figure	 20	 the	 indicator-based	 approach	 is	 summarized.	 Overall,	 both	 indicators	 show	 a	change	due	 to	more	 intense	man-made	bathymetric	modification,	each	 in	a	direction	to	create	adverse	effects	on	the	eOMZ.	However,	the	magnitude	of	7	%	and	10	–	15	%,	respectively,	is	nei-ther	negligible	nor	notably	high,	and	a	clear	categorization	of	the	severity	of	the	man-made	hy-drodynamic	impact	on	the	eOMZ	is	not	possible.	Generally,	a	precise	quantitative	estimation	of	the	influence	of	man-made	bathymetric	modifica-tions	on	an	eOMZ	 in	 terms	of	oxygen	necessitates	a	model	 that	dynamically	simulates	 the	 im-portant	 interactions	 between	 physical	 and	 biogeochemical	 factors	 and	 that	 also	 includes	 the	interactions	between	several	biogeochemical	quantities.	Some	biogeochemical	effects	due	to	the	change	in	depth,	like	the	influence	on	primary	production	[Kemp	and	Boynton,	1980;	Soetaert	et	
al.,	 1994]	 or	 suspended	 sediment	 concentration	 [Talke	 et	 al.,	 2009;	 de	 Jonge,	Victor	N.	 et	 al.,	2014]	possibly	prevail	in	some	estuaries.	In	addition,	the	validity	of	the	hydrodynamic	indicators	is	arguable.	Most	importantly,	our	indicator	for	oxygen	demand,	riverine	water	age,	relies	on	the	assumption	that	transport	time	of	organic	matter	is	proportional	to	the	transport	time	of	water.	We	imply	that	the	ariv	difference	between	the	two	bathymetric	scenarios	is	unaffected	by	particle	processes	and	thereby	neglect	that	bathymetric	deepening	may	affect	the	transport	of	particu-late	matter	in	several	ways	[van	Maren	et	al.,	2015a].		
	Figure	20:	 a)	 Influences	 that	 form	 an	 estuarine	oxygen	minimum	 zone	 (eOMZ)	 in	well-mixed	estuaries;	 b)	 derived	 hydrodynamic	 indicators	 for	 changes	 in	 those	 influences.	 c)	Impact	of	bathymetric	change	with	numbers	giving	the	quantitative	effect	from	sce-nario	Lo-M	(anthropogenically	 lower	 impacted	bathymetry)	to	scenario	Hi-M	(high	man-made	bathymetric	modifications).	




meaning	an	oxygen	deficit	of	about	6	g	O2	m-3	generated	by	high	respiration	of	detritus	from	riv-erine	phytoplankton.		The	sv-ratio	difference	between	Hi-M	and	Lo-M	takes	effect	through	the	reaeration	surface.	At	an	oxygen	deficit	of	6	g	O2	m-3	and	with	 typical	oxygen	gas	transfer	coefficients	(piston	velocities)	between	0.6	m	d-1	 to	 3	m	d-1	 [O'Connor	and	Dobbins,	1958;	Banks	and	Herrera,	1977;	Thomann	
and	Mueller,	1987],	reaeration	can	produce	an	oxygen	enrichment	of	3.6	–	18	g	O2	m-2	d-1.	In	the	region	with	lowest	sv-ratio	(around	km-40),	1m2	of	surface	area	has	to	supply	13.5	m3	of	water	in	Hi	and	11.8	m3	in	Lo,	leading	to	a	lower	possible	enrichment	in	Hi-M	of	0.04	-	0.2	g	O2	m-3	d-1.	Directly	downstream,	in	the	region	with	the	largest	sv-ratio	difference	(around	km-45),	the	pos-sible	enrichment	is	0.16	–	0.8	g	O2	m-3	d-1	lower	in	the	deeper	bathymetry	Hi.		To	roughly	estimate	 the	effect	of	different	water	ages,	we	assume	 that	respiration	commences	directly	downstream	of	the	weir.	From	there,	water	needs	about	8.5	days	in	Hi-M	and	8	days	in	Lo-M	to	reach	km-40	(S1,	see	Figure	16).	Applying	an	exponential	 law	of	organic	matter	decay	and	an	overall	decay	rate	of	0.1	 to	0.2	day-1	(applied	 in	models	 for	 the	Elbe	 [Schroeder,	1997;	
Holzwarth	and	Wirtz,	2018]),	5	to	10	%	more	material	will	have	decayed	and	depleted	oxygen	in	Hi-M	compared	to	Lo-M	when	arriving	at	km-40.	If	we	further	assume	about	2.4	to	4.8	mg	C	m-3	of	initially	available	degradable	organic	carbon	at	the	weir,	0.33	–	0.74	g	O2	m-3	more	oxygen	is	consumed	between	 the	weir	and	station	S1	 in	Hi-M	compared	 to	Lo-M.	Though,	 a	part	of	 this	additional	consumed	oxygen	will	be	resupplied	atmospherically.	In	Hi-M,	riverine	water	stays	longer	in	the	estuary	and	sv-ratio	is	lower	compared	to	Lo-M.	Both	effects	lead	to	lower	oxygen	concentrations,	the	first	one	by	higher	oxygen	depletion	in	the	more	upstream	sections	of	the	estuary	and	the	second	one	by	impaired	atmospheric	compensation.	In	the	example	above,	the	effects	of	both	impact	pathways	are	in	the	same	order	of	magnitude,	each	up	to	10	%	of	the	absolute	deficit	at	the	current	position.	However,	also	the	eOMZ	position	can	be	influenced	by	bathymetric	deepening:	the	higher	oxygen	demand	upstream	may	also	shift	the	eOMZ	further	upstream,	or	lead	to	higher	reaeration	compensation	of	the	deficit,	so	that	a	pure	additive	effect	of	increased	demand	and	decreased	supply	is	unlikely.	




The	effect	of	a	bathymetric	difference,	which	reflects	a	realistic	40-year	 impact	of	typical	man-made	modification,	on	riverine	water	age	is	much	smaller	than	the	effect	of	the	natural,	seasonal	variability	 in	river	discharge.	The	age	difference	between	 the	bathymetric	scenarios	 lies	 in	the	order	of	hours	up	to	one	day	maximum,	depending	on	location	and	discharge.	With	regard	to	 the	anthropogenically	driven	problem	of	estuarine	oxygen	minimum	zones,	we	propose	 to	use	riverine	water	age	as	a	hydrodynamic	 figure	 that	 indicates	possible	changes	 in	accumulated	 oxygen	 consumption.	 Such	 an	 indicator-based	 approach	 provides	 some	 ad-vantages:	first,	it	helps	disentangling	the	effects	of	hydrodynamic	and	biogeochemical	processes	which	is	important	to	track	the	clear	and	quantitative	cause	and	effect	relations.	Second,	in	case	of	potentially	small	indicated	impacts,	an	evaluation	with	a	sophisticated	biogeochemical	model	can	be	saved.	 In	 this	study,	 the	 impact	of	 the	 investigated	man-made	modification	on	riverine	water	age	 is	10	-	15	%	and	process-based	biogeochemical	modeling	appears	necessary	to	more	precisely	 quantify	 oxygen	 related	 impacts,	 including	 a	 possible	 shift	 of	 the	 oxygen	minimum	location.	Notwithstanding	 the	 apparently	 small	 impact,	 the	effect	of	 the	 larger	water	 age	 in	 the	higher	impacted	bathymetry	potentially	leads	to	higher	accumulated	oxygen	consumption.	In	combina-tion	with	 reduced	oxygen	 reaeration	due	 to	 the	decreased	water	 surface-to-volume	 ratio,	 the	higher	 impacted	bathymetry	generates	additional	stressors	 to	 the	estuarine	oxygen	minimum	zone,	acting	 into	the	direction	of	 lower	oxygen	 levels.	We	thus	expect	hydrodynamic	effects	by	deepening	to	intensify	the	eutrophication	impact,	which	certainly	constitutes	the	main	stressor	to	estuarine	oxygen	levels.	












Abstract	Several	anthropogenic	 impacts	 influence	estuarine	oxygen	concentrations.	Of	those	possible	 impacts,	eutrophication	and	bathymetric	modifications,	such	as	deepen-ing,	are	direct	human	interventions	which	affect	the	entire	estuarine	system.	However,	the	 influence	 of	 realistic	 bathymetric	modification	 in	 relation	 to	 a	 change	 in	nutrient	load	on	dissolved	oxygen	levels	has	never	been	quantified.	Here,	we	introduce	a	3D	hydrodynamic-biogeochemical	model	with	precise	representa-tion	of	 the	bathymetry	 for	 the	 vertically	well-mixed	Elbe	Estuary.	Results	 explain	 the	formation	of	the	estuarine	oxygen	minimum	by	a	sequence	of	related	oxygen-consuming	processes.	We	illustrate	that	a	50	%	reduction	in	riverine	load	has	a	much	larger	effect	on	relieving	an	estuarine	oxygen	deficit	compared	to	restoring	the	bathymetry	to	an	an-thropogenically	less	impacted	state	of	40	years	ago.		Nevertheless,	bathymetric	modifications	pose	an	additional	stressor	to	the	oxygen	sys-tem	and	the	cumulative	effect	of	many	bathymetric	modifications	over	centuries	may	be	particularly	relevant.	Overall,	our	results	emphasize	the	key	priority	of	nutrient	reduc-tion	when	tackling	oxygen	deficits,	and	relegate	bathymetric	improvements	to	a	position	behind.	
	







4.1. Introduction	Increasing	evidence	for	severe	dissolved	oxygen	(DO)	deficits	in	vertically	well-mixed	estuaries	due	 to	anthropogenic	nutrient	enrichment	 is	observed	 [Schroeder,	1997;	Abril	et	al.,	2003;	van	
Damme	et	al.,	2005;	Verity	et	al.,	2006;	Mallin	et	al.,	2006;	Ruiz	et	al.,	2015].	Thereby,	the	devel-opment	in	well-mixed	systems	follows	a	global	trend	that	is	predominantly	observed	in	vertical-ly	stratified	water	bodies	[Kemp	et	al.,	2009;	Rabalais	et	al.,	2009;	Conley	et	al.,	2011;	Breitburg	et	
al.,	2018].		The	fact	that	DO	deficits	develop	in	well-mixed	systems,	despite	their	physically	favorable	condi-tions,	may	solely	be	the	consequence	of	the	large	amount	of	riverine	organic	matter	and/or	am-monium	load.	However,	many	of	the	well-mixed	estuaries	also	serve	as	major	shipping	routes	to	large	ports,	that	are	located	far	upstream	the	mouth	of	the	estuary	like	the	Humber	Ports	(Hum-ber,	 UK),	 Antwerpen	 (Schelde,	 Belgium),	 Hamburg	 (Elbe,	 Germany),	 or	 Seville	 (Guadalquivir,	Spain).	To	ensure	port	access	also	for	ocean	cargo	vessels,	these	estuaries	contain	a	substantially	deepened	shipping	channel	which	can	be	more	than	twice	as	deep	as	the	estuary’s	natural	state.	The	bathymetric	modifications	 to	meet	navigational	needs	 induce	changes	 that	are	potentially	relevant	to	oxygen	dynamics:	such	as	hydrodynamics	and	morphologic	responses	[Nichols,	1988;	
Pan	et	al.,	2012;	Meyers	et	al.,	2014a;	Wan	et	al.,	2014;	van	Maren	et	al.,	2015a;	Zarzuelo	et	al.,	2015],	that	also	alter	transport	characteristics.	In	addition,	geometric	relations	change	by	deep-ening.		An	important	geometric	relation	for	the	dynamics	of	estuarine	oxygen	minimum	zones	(eOMZs)	in	vertically	well-mixed	systems	is	the	ratio	of	water	surface	to	underlying	water	volume:	it	de-scribes	the	relevant	 interface	on	which	the	reaeration	rate	 is	active	and	thereby	constrains	the	amount	 of	 atmospheric	 oxygen	 that	 can	 be	 supplied	 to	 the	 underlying	 water	 column.	 In	






4.2.1. Mathematical	models	We	couple	 a	state-of-the-art	biogeochemical	model	with	 a	3D	hydrodynamic	model.	Estuarine	hydrodynamics,	 including	 salt	 and	 water	 temperature	 transport,	 are	 simulated	 with	 Untrim	[Casulli,	2009;	Casulli	and	Stelling,	2010],	which	 includes	a	detailed	model	bathymetry	on	sub-grid	level	[Casulli	and	Stelling,	2010;	Sehili	et	al.,	2014].		The	method	allows	a	precise	representa-tion	of	water	volume	up	to	measurement	accuracy.	Another	advantage	of	this	method	relevant	to	our	study	is	the	possibility	to	trace	the	water	surface	area	on	subgrid	scale	and	thus	in	great	de-tail:	while	in	classical	approaches	to	wetting	and	drying,	a	grid	cell	can	be	only	handled	as	either	wet	or	dry,	in	the	method	for	subgrid	bathymetry	of	Casulli	[2009]	grid	cells	can	also	be	partially	wet	in	the	intertidal	area.	Furthermore,	no	drying	threshold	is	required.	The	biogeochemical	equations	are	solved	with	D-Water	Quality	[Postma	et	al.,	2003;	Smits	and	
van	Beek,	2013].	The	 two,	 individually	mass-conserving,	mathematical	models	Untrim	 and	D-Water	Quality	communicate	 through	a	coupling	module	 that	enables	mass-conserving	 transfer	[Lang,	 2012]	 of	 the	 hydrodynamic	 characteristics	 from	Untrim	 to	D-Water	Quality,	 including	water	temperature,	salinity	and	turbulent	diffusivities.	We	simulated	the	oxygen-relevant	biogeochemical	processes	of	organic	matter	cycling	including	phytoplankton	growth,	mortality	and	detritus	degradation,	and	nitrification	with	the	configura-tion	developed	 in	Holzwarth	and	Wirtz	 [2018].	There,	 the	 configuration	has	been	successfully	tested	to	provide	a	realistic	account	of	major	processes	driving	estuarine	oxygen	dynamics.	One	outcome	was	that	primary	production	in	the	estuary	is	strongly	light	limited	and	its	importance	to	DO	dynamics	 is	 low.	 In	 this	study	we	thus	reduced	 the	biogeochemical	configuration	by	 the	phosphorous	and	silicate	state	variables	because	no	influence	on	DO	dynamics	is	given.		




values	stem	from	a	numerical	circulation	model	of	the	German	Bight,	salinity	is	kept	constant	at	32	psu	and	we	use	water	temperature	from	the	offshore	observation	station	FINO1	(data	from	http://fino.bsh.de)	which	is	located	outside	the	model	domain	in	the	North	Sea.	Observational	 biogeochemical	 data	 at	 the	model	 boundaries	 are	 scarce.	Most	 importantly	 for	this	study	are	riverine	boundary	values;	here,	we	used	observations	 from	helicopter	sampling	directly	upstream	of	the	weir,	and	from	continuous/biweekly	observational	data	at	the	stations	Cumlosen	 and	 Schnackenburg	 (all	 data	 from	 FGG	Elbe,	 www.fgg-elbe.de).	We	 compiled	 these	measurements	to	boundary	values	under	certain	assumptions:	chlorophyll-a	to	carbon	conver-sion	factor	is	0.05	g	Chl-a	g-1	C,	algal	stoichiometry	agrees	to	the	Redﬁeld	Ratio,	slowly	degrada-ble	particulate	organic	matter	is	half	as	rich	in	nutrients	compared	to	easily	degradable	particu-late	 organic	matter,	 and	 1%	 of	 the	 measured,	 total	 amount	 of	 DOC	 is	 labile.	At	 the	 seaward	boundary,	we	applied	linearly	interpolated	rare	measurements	from	helicopter	sampling.	For	a	detailed	description	of	biogeochemical	boundary	values	see	Holzwarth	and	Wirtz	[2018].	For	 comparison,	DO	 values	 from	 several	 observation	 stations	 inside	 the	model	 domain	were	available	 (from	 upstream	 to	 downstream):	 Obs1	 at	 km-23	 (Bunthaus),	 Obs2	 at	 km-42	(Seemannshoeft),	Obs3	at	km-49	(	Blankenese),	Obs4	at	km-57	(D1	Hanskalbsand),	Obs5	at	km-65	(D2	Juelsand),	Obs6	at	km-75	(Grauerort),	Obs7	at	km-79	(D3	Pagensand),	and	Obs8	at	km-90	(D4	Rhinplate).	Data	 from	Obs1	 to	Obs3	are	provided	by	Institut	 fuer	Hygiene	und	Umwelt	Hamburg,	licence	dl-de/by-2-0,	www.wgmn.hamburg.de.	Data	from	Obs4,	Obs	5,	Obs7	and	Obs8	are	provided	by	water	and	shipping	agency	Hamburg,	available	on	www.portaltideelbe.de.	Data	from	Obs6	are	provided	by	NLWKN	Stade,	accessed	on	www.elbe-datenportal.de/FisFggElbe.	




structed	 a	model	bathymetry	 “Lo”	with	 a	 less	heavy	 impact	of	human	modification;	 the	 “Lo”-bathymetry	 has	 lower	 water	 depths	 in	 the	 navigation	 channel	 because	 on	 the	 first	 120	km	downstream	of	 the	 tidal	 limit	 the	“Hi”-bathymetry	has	been	replaced	by	a	40	years	older,	 less	anthropogenically	 impacted	bathymetry	 from	1970,	 see	 section	3.2.2	 for	more	detailed	 infor-mation	.	Regarding	riverine	substance	load,	we	also	defined	an	alternative	scenario	to	the	situation	in	the	reference	simulation,	similar	to	the	study	in	Holzwarth	and	Wirtz	[2018]:	while	in	HIGH,	we	used	realistic	 riverine	 boundary	 values	 for	 nutrient,	 phytoplankton,	 and	 particulate	 and	 dissolved	organic	matter,	we	halved	 this	 riverine	 load	 in	 another	 scenario.	Unlike	 an	observed	historic	situation,	 the	value	of	50	%	approximately	corresponds	 to	 the	mean	percentage	between	esti-mated	pristine	river	concentrations	 [Topcu	et	al.,	2011]	and	actually	measured	concentrations	[FGG	Elbe,	2017]	for	total	nitrogen	and	total	phosphorous.	 	Combining	the	scenarios	of	varying	DOC	lability,	bathymetry	and	riverine	boundary	load,	gave	in	total	six	different	scenarios,	which	are	summarized	in	Table	6.	In	all	cases,	the	simulation	period	was	the	year	2011	due	to	its	rep-resentative	discharge	conditions	[Holzwarth	and	Wirtz,	2018].	
Table	6:	Modeled	human	impact	and	boundary	DOC	lability	scenarios.		
	 Reference	load	1%	labile	DOC	 50%	riverine	load	 10%	labile	DOC	 100%	labile	DOC	Bathymetry	Hi	(year	2010)	 HIGH	(reference)	 LOWnutrients	 HIGHx10	 HIGHx100	Bathymetry	Lo	(year	1970)	 LOWbathymetry	 LOW	 -	/	-	 -	/	-	
4.3. Results	




Obs6	and	Obs8.	The	drop	and	 the	subsequent	gradual	 increase,	 in	space	and	 in	 time,	are	well	represented	by	model	results	(Figure	21).	
	Figure	 21:	 Simulated	 dissolved	 oxygen	 concentrations	 of	 the	 reference	 scenario	HIGH	 (black	lines)	and	observed	concentrations	(green	lines)	at	several	measuring	stations	along	the	Elbe	Estuary	during	the	year	2011.	Obs1	is	the	most	upstream	station,	Obs8	the	most	downstream	station,	see	also	Figure	25.	Simulation	results	are	taken	from	the	uppermost	model	layer	that	never	fell	dry	at	the	position	of	the	observation	stations	during	the	simulation	period	(-2	m	to	–1	m	above	mean	sea	level).	






the	gaps	were	at	the	beginning	or	end	of	the	time	series,	we	shortened	the	respective	time	series.	In	case	 the	gaps	were	 in	between	valid	measurements	but	during	periods	of	overall	stable	DO	concentrations,	we	 filled	 these	gaps	by	 linear	 interpolation.	 In	case,	data	gaps	 longer	 than	6h	existed	during	periods	of	 rapidly	 changing	DO	 concentrations	 (>	62.5	mmol	m-3	between	 last	measurement	before	and	first	measurement	after	the	data	gap),	we	dismissed	the	entire	obser-vation	station.	Using	these	criteria,	we	did	not	take	the	data	at	Obs7	(km-79)	into	account.	Vertical	DO	and	salinity	profiles	show	that	the	water	column	is	well-mixed	during	all	tidal	phas-es	in	the	freshwater	part	(Figure	22	left).	In	the	area	of	increasing	salinity,	short	periods	of	strat-ification	may	occur,	as	 in	the	example	on	Figure	22	(right):	the	flood	current	(third	panel	from	above,	2011-06-12	01:00)	pushes	water	with	higher	salinity	above	less	saline	water,	leading	to	temporary	stratification.	Apart	from	the	vertical	salinity	distribution,	the	non-parabolic	shape	of	the	vertical	 turbulent	viscosity	also	 indicates	stratification	during	 these	periods.	However,	 the	vertical	distribution	of	DO	 in	 the	water	column	 is	almost	constant,	apart	 from	 the	value	 in	 the	uppermost	cell	and	sometimes	slightly	bended	profiles,	as	in	Figure	22,	left,	2011-06-12	01:00.	




4.3.2. Sensitivity	to	boundary	value	DOC	lability	The	spactio-temporal	distribution	of	DO	turned	out	highly	sensitive	to	the	varied	lability	shares	in	DOC	boundary	values,	see	Figure	23.	Simulated	DO	concentrations	are	consistently	 lower	 in	scenario	HIGHx100	with	all	DOC	being	labile	(light	grey	line	in	Figure	23),	compared	to	the	cases	in	HIGHx10	or	HIGH	(dark	grey	and	black	 line,	respectively).	Sometimes,	DO	concentration	dif-ferences	 between	 scenario	 HIGHx100	 and	 the	 other	 two	 lability	 scenarios	 are	 larger	 than	100	mmol	m-3	at	certain	stations	during	certain	periods,	 like	at	Obs3	during	August.	In	relation	to	 this,	differences	 in	simulated	DO	between	HIGHx10	and	HIGH	 is	small,	commonly	 less	 than	
5	mmol	m-3,	with	a	maximum	of	about	15	mmol	m-3	during	August.	When	compared	to	observed	DO	concentration	(green	 line	 in	Figure	23),	the	values	 in	HIGHx100	are	too	 low	for	all	stations	during	most	of	the	year.	In	contrast,	the	deviations	of	the	simulated	DO	values	in	HIGHx10	and	HIGH	 from	observed	values	 are	 clearly	 smaller	 and	very	 similar.	However,	during	March	 and	April	simulated	DO	in	HIGHx100	meets	the	observation	better	than	the	results	from	HIGHx10	or	HIGH.		




4.3.3. Sensitivity	to	bathymetry	and	river	load	DO	results	for	the	scenarios	HIGH	and	LOWbathymetry	show	that	DO	concentrations	are	com-monly	higher	 in	LOWbathymetry,	see	Figure	24	(grey	 line,	compared	 to	black	 line)	and	Figure	25B	(red	areas	show	higher	values	for	LOWbathymetry).	Differences	are	usually	below	15	mmol	m-3.	However,	 in	 specific	 areas	 (downstream	of	Hamburg	harbor	 around	Obs2	 and	Obs3,	 see	Figure	25B)	or	certain	periods	(August	2011,	see	Figure	24)	differences	can	exceed	20	mmol	m-3.	
A	few,	confined	areas	show	higher	DO	concentrations	in	HIGH,	like	on	Figure	25B	some	harbor	basins	or	a	section	south	of	Obs3;	these	areas	usually	experienced	strong	sedimentation	and	are	substantially	shallower	in	HIGH	compared	to	LOWbathymetry.	DO	 concentrations	 for	 LOWnutrients	 are	 overall	 larger	 than	 those	 for	 HIGH.	 The	 largest	differences	occur	in	areas	and	during	periods	of	low	DO	levels,	see	Figure	24	(red	line	compared	to	black	 line)	and	Figure	25C	(red	areas	 indicate	that	DO	 is	higher	 in	LOWnutrients);	 they	can	become	as	large	as	100	mmol	m-3	during	May	to	July	at	Obs2	and	Obs	3	(Figure	24).	Compared	to	LOWnutrients,	DO	concentrations	for	LOW	are	usually	marginally	larger	but	never	deviate	more	than	5	mmol	m-3	from	the	results	of	scenario	LOWnutrients.	










	Figure	26:	Simulated	concentrations	for	the	three	degradable	carbon	fractions,	ammonium	and	DO	on	a	longitudinal	profile	along	the	navigation	channel.	Thick	black	lines	show	the	results	 for	 the	scenario	HIGH,	dashed	 lines	 for	LOWbathymetry,	and	 thin	 lines	 for	LOWnutrients.	Values	are	averages	over	one	spring-neap	cycle	at	 the	beginning	of	June	2011.	Differences	between	the	results	for	LOW	and	LOWnutrients	are	not	no-ticable	on	 the	plot	scale;	 therefore,	only	LOWnutrients	results	are	displayed	 in	 the	figure.	During	 the	period	of	 lowest	overall	DO	concentration	 (June,	see	Figure	23	and	Figure	24)	 the	area	with	 lowest	DO	 is	around	km-40	(upstream	of	Obs2	 in	Figure	25A,	and	Figure	26e).	This	position	 lies	 directly	 downstream	 of	 maximum	 concentrations	 of	 the	 most	 easily	 degradable	carbon	fraction	(Figure	26a)	and	ammonium	(Figure	26d),	and	coincides	with	maximum	concen-trations	of	the	two	less	degradable	carbon	fraction	(Figure	26b	and	c).	Concentration	differences	between	 the	 scenarios	 HIGH	 and	 LOWbathymetry	 are	 below	 10	mmol	m-3	 for	 DO,	 below	





4.4.1. Key	processes	of	dissolved	oxygen	dynamics	In	 all	 scenarios,	 estuarine	DO	 concentrations	 are	 determined	 by	 the	 two	major	 consumption	processes	of	organic	matter	mineralization	and	nitrification	(Figure	27,	Figure	28).	This	 is	par-ticularly	evident	in	the	oxygen	minimum	zone.	Eventually,	the	resulting	DO	concentrations	arise	from	a	balance	between	consumption	and	reaeration,	the	latter	being	a	response	to	the	forming	DO	deficit	(Figure	26e).	Primary	production,	as	potential	oxygen	source,	is	too	weak	for	notable	oxygen	production;	net	primary	production	 even	acts	 as	 an,	 albeit	minor,	oxygen	 sink	due	 to	respiratory	consumption.		The	strong	dominance	of	oxygen	consuming	processes	with	 low	relevance	of	primary	produc-tion	differs	from	the	situation	described	for	stratified	systems:	there,	primary	production	usually	dominates	 in	 the	surface	 layer	while	consumption	prevails	 in	 the	deeper	sections	of	the	water	column	[Welsh	and	Eller,	1991;	Melrose	et	al.,	2007;	Kemp	et	al.,	2009;	Zhang	and	Li,	2010;	Zhang	









The	second	hot	spot	section	 is	caused	by	 the	depth	 increase	 at	 the	beginning	of	 the	shipping	channel.	At	that	position,	a	second	peak	for	depth-integrated	oxygen	change	due	to	mineraliza-tion	forms	(most	clearly	for	scenario	LOWnutrient,	Figure	27c).	However,	the	peak	of	the	depth-integrated	values	 is	neither	accompanied	by	 a	peak	of	 the	depth	averaged	values	 (Figure	28),	nor	by	 a	 considerable	change	 in	organic	matter	concentration	 (Figure	26a-c).	The	second	hot	spot	section	thus	develops	by	accumulation	of	mineralization	activity	due	to	the	larger	volume	of	the	water	column.	Mineralization	promotes	subsequent	nitrification,	and	maximum	DO	changes	due	to	nitrification,	depth	 integrated	and	depth-averaged	(though	 less	pronounced	 there),	occur	 in	 the	second	hot	spot.	There,	the	two	effects	described	above	for	mineralization	obviously	coincide	for	nitrifica-tion:	a	strong	respiratory	activity	(Figure	28)	because	of	high	ammonium	concentration	(Figure	26d)	overlaps	with	the	surface-related	accumulation	due	to	depth	increase.	In	stratified	systems,	oxygen	enrichment	critically	depends	on	the	strength	of	stratification	and	related	downward	mixing	of	oxygen-rich	waters;	Scully	[2010],	for	example,	describes	the	wind-induced	modulation	of	hypoxia	 in	Chesapeake	Bay.	In	vertically	well-mixed	systems	as	the	one	studied	here,	enrichment	is	not	limited	by	the	downward	transport	of	oxygen	within	the	water	column,	as	can	be	seen	from	the	constant	distribution	of	DO	over	depth	(Figure	22).	Instead,	DO	enrichment	 is	restricted	by	the	amount	of	oxygen	that	 is	able	to	enter	the	water	column	at	the	atmospheric	surface.	In	our	model,	this	oxygen	amount	is	determined	by	(i)	the	oxygen	transfer	rate,	which	in	turn	depends	on	the	magnitude	of	the	DO	deficit,	wind	and	current	velocity	[Banks	










and	Franklin	[2001],	Sterne,[	2011]	and	references	therein).	These	effects	underline	the	importance	of	knowledge	on	the	quality	of	organic	material	(includ-ing	 its	nitrogen	 ratio)	 that	 is	 transported	 into	 an	estuary;	 the	 total	 amount	of	organic	matter	merely	represents	an	upper	limit	of	the	possibly	oxygen-relevant	amount.	
	
	Figure	29:	Simulation	 results	 for	 the	sensitivity	 runs	with	different	 lability	 fractions	 (1,	1/10,	1/100)	in	DOC	boundary	value	along	the	longitudinal	profile;	(a)	sum	of	all	degrada-ble	carbon	fractions,	(b)	ammonium,	(c)	dissolved	oxygen.	




complements	 findings	from	Chapter	3:	there,	hydrodynamic	 indicators,	water	age	and	surface-to-volume	ratio,	were	used	to	evaluate	the	same	bathymetric	change	as	analyzed	in	the	present	study.	Results	 in	Chapter	3	hint	at	small	to	moderate	effects	on	the	DO	dynamics.	We	can	now	confirm	 the	expected	magnitude	with	process-based	results	 from	 the	actual	study,	 though	 im-pacts	on	DO	concentrations	are	even	lower	than	expected	from	Chapter	3.	An	example	in	Figure	30	 shows	 that	during	 the	period	of	observed	DO	concentration	below	200	mmol	m-3,	 riverine	water	age	is	about	4-7	%	lower	and	DO	undersaturation	is	about	3-5	%	less	in	LOWbathymetry	compared	to	HIGH	(Figure	30c).	In	addition,	the	sv-ratio	is	about	15	%	larger	in	the	area	around	the	shown	position	(km-42,	Figure	19).	The	relatively	 low	 impact	that	this	variation	has	on	DO	compared	to	physical	characteristics	such	as	water	age,	illustrates	that	the	biogeochemical	sys-tem	reacts	in	a	non-linear	way	and	the	impact	of	changes	to	external	conditions	is	thus	difficult	to	predict	without	taking	into	account	all	relevant	processes.	




depth	because	of	 the	 larger	 relative	change;	 this	especially	 applies	 to	 a	volume	 increase	with	related	increase	in	water	residence	time,	and	decrease	in	surface-to-volume	ratio.	The	deepening	impact	on	light	conditions	was	minor	in	the	Elbe	Estuary	system	under	study,	but	will	 be	more	 relevant	 in	 shallow	 estuaries.	 Shallow	 estuaries	 host	 active	primary	 production	including	macro	algae	and	benthic	production	[Caffrey,	2004;	Trancoso	et	al.,	2005];	if	at	all,	they	suffer	from	dial	oxygen	minima	[Kemp	et	al.,	2009].	The	effect	of	deteriorated	water	column	light	availability	by	man-made	bathymetry	deepening	may	 lead	 to	notable	changes	 in	primary	pro-duction,	both	benthic	and	pelagic,	which	may	cause	 lower	DO	 in	some	systems	because	of	 less	biogenic	DO	 input,	but	higher	DO	 in	other	systems	due	 to	 lower	amounts	of	degradable	algal	detritus.	
4.4.4. Limitations	The	greater	sensitivity	of	DO	to	load	reduction	is	subjected	to	a	number	of	uncertainties,	mainly	due	to	the	scenario	definition	and	model	limitations:	The	scenarios	LOWbathymetry	and	LOWnutrients	are	not	readily	comparable	as	equivalent	se-vere	 deviations	 from	 the	 reference	 situation:	whereas	 LOWbathymetry	 represents	 a	 possible	realistic	state	of	a	less	severe	human	impact,	such	a	state	is	often	unknown	for	the	riverine	load.	Decreasing	 the	 entire	 riverine	boundary	 load	by	50	%	 in	 the	nutrient	 reduction	 scenario	 is	 a	vague	approximation	of	 a	 realistic	scenario	and	approximately	 represents	 a	nutrient	state	 for	total	nitrogen	and	total	phosphorous	that	lies	in	between	actual	and	pristine	conditions	[Topcu	




configuration	only	accounts	for	basic	organic	matter	degradation	in	sediments	by	enhanced	pro-cess	rate	constants	of	water	column	mineralization,	nitrification	and	denitrification.	Many	stud-ies	note	the	importance	of	these	sediment	biogeochemical	processes	on	the	water	body	above	in	stratified	or	partially	stratified	estuaries	[Cowan	and	Boynton,	1996;	Paerl,	2006]	and	sediment	oxygen	demand	(SOD)	has	been	suggested	to	be	important	to,	if	not	the	major	driver	of,	bottom	water	hypoxia,	 like	 in	 the	Pearl	River	Estuary	 [Wang	et	al.,	2017],	off	 the	Changjiang	Estuary	[Zhang	et	al.,	2017],	the	Lower	St.	Lawrence	Estuary	[Lehmann	et	al.,	2009]	or	 in	the	Northern	Gulf	of	Mexico	[Fennel	et	al.,	2013].	Nevertheless,	some	studies	report	the	opposite	like	Hetland	





ter	while	keeping	 attenuation	by	 lithogenic	particles	 constant	 for	 reasons	of	model	 simplicity	and	traceability.	Though	the	constant	value	we	used	was	at	the	lower	end	of	the	expected	range	of	values,	primary	production	was	already	very	 low;	 in	addition,	a	sensitivity	study	[Holzwarth	
and	Wirtz,	2018]	showed	almost	no	sensitivity	of	the	modeled	DO	minimum	to	a	variation	in	the	possible	range	of	values	(Figure	8	f).	Nevertheless,	 in	some	estuarine	systems,	a	close	relation-ship	between	the	increase	in	the	concentration	of	mineral	suspended	sediments	and	a	decrease	in	DO	concentrations	following	navigation	channel	deepening	has	been	suggested	[Kerner,	2007;	
Talke	et	al.,	2009;	van	Maren	et	al.,	2015b].	However,	the	effects	of	sediment	disposal	strategies	for	continuous	channel	maintenance,	which	usually	 lead	to	recirculation	of	material	within	the	estuary,	have	not	quantitatively	been	distinguished	 from	 the	 effect	of	 a	deeper	 system	 alone;	besides,	some	literature	findings	on	decreasing	DO	due	to	bathymetric	deepening	might	be	lim-ited	to	system	specific	features,	 like	in	the	hyper-turbid	Ems	[Winterwerp	et	al.,	2017]	which	is	dominated	by	the	degradation	of	high	amounts	of	refractory	material	that	is	attached	to	mineral	suspended	sediments	 [Talke	et	al.,	2009].	 In	case	bathymetric	modifications	have	a	strong	 im-pact	on	suspended	sediment	concentrations,	as	e.g.	stated	by	 Jonge	et	al.	[2014]	and	van	Maren	
et	al.	[2015a],	the	impediment	of	gas	exchange	at	the	water	surface	due	to	turbulence	damping	by	very	high	suspended	sediment	concentrations	 [Abril	et	al.,	2009]	may	 influence	 the	reaera-tion	ability	of	the	eOMZ.	All	neglected	processes,	as	described	above,	have	 in	common	 that	 their	account	would	 further	reduce	DO	concentrations.	Consequently,	our	result	represents	a	lower	limit	(best	case)	for	the	impact	of	a	bathymetric	change	on	DO	minima.		
4.4.5. Added	value	of	the	three-dimensional	model	Modelling	studies	about	geometric	impacts	on	biogeochemical	processes	are	rare,	and	previous	works	only	distinguished	between	estuarine	systems	that	varied	in	their	natural	geometry	[Vol-
ta	et	al.,	2016a;	Volta	et	al.,	2016b]	or	 they	 introduced	 a	hypothetical	change	 [Holzwarth	and	
Wirtz,	2018].	These	studies	used	one-dimensional	model	set-ups	and	aimed	at	a	general	system	understanding	of	geometric/bathymetric	effects	on	 the	biogeochemical	system	of	estuaries.	 In	contrast,	eutrophication	and	nutrient	reduction	scenarios	have	already	been	studied	with	higher	resolution	numerical	models	 in	a	variety	of	estuarine	systems	and	to	different	degrees	of	geo-metric	detail	[Cerco	and	Cole,	1993;	Neumann	et	al.,	2002;	Wool	et	al.,	2003;	Khangaonkar	et	al.,	2012;	Testa	et	al.,	2014;	Wild-Allen	and	Andrewartha,	2016].	We	here	apply	a	three-dimensional	model	that	resolves	the	estuarine	bathymetry	and	its	chang-es	to	a	most	realistic	degree,	which	in	parts	has	been	faciliated	by	its	its	subgrid-scale	technology	for	bathymetry	[Casulli	and	Stelling,	2010;	Sehili	et	al.,	2014;	Wang	et	al.,	2014;	MacWilliams	et	




system.	Hence,	 this	study	 is	 the	 first	 that	gives	 a	precise	quantitative	 idea	on	 the	 impact	of	 a	bathymetric	change	caused	by	direct	human	activities	for	navigational	purpose.	In	addition	this	study	quantitatively	compares	the	bathymetric	impact	to	eutrophication-related	impacts	on	ox-ygen	dynamics	in	a	well-mixed	estuary.	Additionally,	we	are	able	to	compare	the	effects	of	the	detailed	3D	model	to	a	geometrically	less	realistic	approximation:	in	a	preceding	study,	we	used	an	equal	biogeochemical	configuration,	a	similar	model	set-up	but	a	geometrically	 idealized	model	domain	[Holzwarth	and	Wirtz,	2018].	With	the	more	realistic	3D	model	used	in	this	study,	we	can	support	some	of	our	previous,	gen-eral	conclusions:		
· Oxygen	dynamics	 in	 the	well-mixed	estuary	 is	driven	by	oxygen	consuming	processes.	Thereby,	remineralization	is	most	dominant	followed	by	nitrification.	
· Reaeration	is	the	major	process	counteracting	DO	depletion;	the	actual	dimension	of	the	DO	minimum	 strongly	depends	on	 the	 conditions	 for	 atmospheric	 reaeration	which	 is	determined	by	the	sv-ratio.	
· Riverine	load	is	the	key	cause	for	severe	oxygen	deficiency	and	load	reduction	appears	to	be	the	most	effective	mitigation	measure.		




	Figure	 31:	 Freshwater	 discharge	 (blue	 continuous	 line)	 at	 the	 riverine	model	 boundary,	 and	simulated	riverine	water	ages	at	the	positions	Obs2	(dotted	lines)	and	Obs8	(contin-uous	 lines)	for	the	year	2011.	Black	 lines	display	results	of	the	3D	model;	red	 lines	display	results	for	the	idealized	1D	model.		
4.5. Conclusion	Man-made	bathymetric	changes	of	estuaries	pose	an	additional	stressor	to	the	oxygen	situation	in	 well-mixed	 systems;	 however	 the	 impact	 appears	 minor	 compared	 to	 eutrophication	influences.	 This	 finding	 can	 be	 consolidated	 by	 future	 studies	 that	 include	 major	 factors	neglected	here	 suach	 as	mineral	 suspended	sediment	dynamics	 and	benthic	processes.	These	could	specifically	better	integrate	the	influence	of	dredging	and	dumping	as	continous	activities	to	manage	man-made	impacts.	Certainly,	a	mechanistic	understanding	and	a	profound	data	base	for	these	processes	has	to	be	build	up	by	in-situ	observations;	only	then,	reliable	and	meaningful	simulations	are	possible.	Likewise,	knowlegde	on	the	organic	matter	quality,	particularly	lability	and	nitrogen	content,	as	well	 as	 its	variablity	has	 to	be	 improved.	This	 is	 essential	 for	 severely	 light	 limited	 estuaries	where	 oxygen	 consumption	 dominates	 over	 autotrophic	 oxygen	 production,	 and	remineralization	with	subsequent	nitrification	make	the	key	processes.	
















Results	of	this	thesis	clearly	reinforce	that	oxygen	consumption	by	heterotrophic	organic	matter	degradation	dominates	the	DO	dynamics	 in	an	anthropogenically	 influenced	estuary	with	high	nutrient	and	phytoplankton	load	from	the	river.	Additionally,	the	detailed	process-based	analy-sis	discloses,	that	nitrification	plays	an	important	role	in	the	spacial	extend	of	an	eOMZ	as	it	fol-lows	organic	matter	remineralization	 in	time	and	thus	downstream	 in	space;	there,	the	oxygen	consumption	 by	 nitrification	 counteracts	 the	 reaeration	 compensation	 of	 the	 eOMZ	 and	 thus	extends	the	eOMZ	further	downstream.	Man-made	bathymetric	modifications	have	an	influence	on	DO	dynamics	in	vertically	well-mixed	estuaries.	However,	 in	comparison	to	anthropogenic	nutrient	enrichment,	the	man-made	bath-ymetric	effect	in	the	studied	system	is	considerably	lower.	It	is	rather	one	of	several	stressors	in	addition	to	nutrient	enrichment.		To	see	 a	strong	effect,	 the	bathymetric	difference	obviously	has	 to	be	 larger	 than	 the	decadal	man-made	modification	investigated	in	the	Chapters	3	and	4,	though	effects	are	expected	to	be	more	relevant	in	more	shallow	estuaries	(see	Section	4.4.3).	The	results	of	the	more	conceptual	investigation	in	Chapter	2	nevertheless	show	that	a	strong	bathymetric	difference	substantially	influences	 the	severity	of	an	eOMZ.	The	bathymetric	difference	 that	was	studied	 in	Chapter	 2	rather	depicts	either	a	historically	different,	but	still	man-made,	development	over	centuries,	or	two	estuaries	that	 fundamentally	differ	 in	their	bathymetries.	Transferred	 to	the	Elbe	Estuary,	the	first	case	would	correspond	to	a	scenario	 in	which	the	main	sea	port	had	developed	 in	the	city	of	Glückstadt	instead	of	Hamburg.	The	second	case	exemplifies	that	the	sensitivity	of	estuar-ies	to	eOMZ	formation	may	be	determined	by	their	bathymetric	characteristics.	




consequently	impairs	the	downward	transport	of	water	that	has	been	oxygenated	in	the	surface,	thereby	 limiting	 the	oxygen	 supply	pathway	 to	 an	oOMZ.	The	warming	 effect	on	oxygen	 con-sumption	in	the	oOMZs	is	less	evident.	Recent	analysis	of	observational	data	indicates	a	possible	increase	 in	 biological	 activity	 in	 the	 upper	 ocean	 linked	 to	 enhanced	 oxygen	 consumption	 in	mid-depths	up	to	1000	m	[Schmidtko	et	al.,	2017].	Though	modelling	studies	hint	at	a	slowdown	of	the	downward	organic	matter	transport	from	the	surface	 layer,	the	described	effects	on	oxy-gen	concentrations	 in	 the	oOMZ	 layer	are	differing	and	sometimes	even	opposing	 [Matear	and	
Hirst,	2003;	Oschlies	et	al.,	2008;	Keeling	et	al.,	2010].	Taking	together	these	physical	influences,	a	resemblance	of	anthropogenic	impacts	on	eOMZs	and	oOMZs	can	be	recognized:	most	obvious	is	the	reduction	of	solubility	in	a	warmer	climate.	Apart	from	this,	decreasing	ratios	of	water	sur-face	to	underlying	water	volume	in	estuaries	and	enhanced	stratification	in	the	ocean	will	aggra-vate	oxygen	minima	via	the	hydrodynamic	impact	pathway	on	oxygen	supply.	Likewise	but	with	less	clear	 impact,	deceleration	of	the	transport	of	organic	material	seems	to	be	a	common	fea-ture	to	the	eOMZ	and	the	oOMZ.	Overall,	oxygen	minimum	zones	both	 in	estuaries	and	 in	 the	ocean	appear	 to	 intensify	due	 to	comparable	 physical	 impact	mechanisms	 of	 anthropogenic	 origin,	 including	 impaired	 supply,	increased	consumption	and	decreased	solubility	of	oxygen.	
	As	bathymetric	modifications	 induce	hydrodynamic	 impacts,	 an	 approach	was	 tested	 to	used	hydrodynamic	 indicators	 to	 assess	whether	 a	bathymetric	modification	will	potentially	 cause	notable	impacts	on	estuarine	DO	dynamics.	The	idea	behind	this	approach	is	that	in	case	of	po-tentially	small	 impacts,	an	evaluation	with	a	sophisticated	biogeochemical	model	can	be	saved.	In	the	tested	case,	the	applied	indicators	–	change	in	riverine	water	age	for	oxygen	consumption,	and	change	 in	surface-to-volume	ratio	for	oxygen	supply	–	both	hinted	at	eOMZ	 intensification	with	a	deeper	bathymetry.	However,	their	magnitude,	7	%	and	10	–	15	%	respectively,	was	nei-ther	 clearly	 negligible	 nor	 particularly	 high,	 and	 the	 application	 of	 a	 more	 detailed,	 process	based	model	seemed	necessary	for	the	quantification	of	the	man-made	impact.	Overall,	the	indi-cator-based	approach	appears	useful	to	determine	the	modeling	effort	during	an	impact	assess-ment	study;	both	 in	 terms	of	required	processes	but	also	 in	constraining	 the	spacial	and	 tem-poral	extend	of	a	model	application.	




metric	factors	and	the	degradability	state	of	the	organic	material.	The	findings	from	the	1D	mod-el	are	 transferable	 to	systems	with	similar	characteristics	(vertically	well-mixed,	high	riverine	organic	matter	load,	anthropogenically	deepened	bathymetry),	and	the	developed	biogeochemi-cal	model	 configuration	will	 be	 basically	 applicable	 to	 a	wide	 range	 of	 eutrophicated	 aquatic	systems.	Likewise,	the	idealized	1D	model	domain	can	relatively	easy	been	adapted	to	a	geomet-rically	different	system	(as	done	with	bathymetry	 in	Chapter	2,	see	Section	2.2.6)	 to	study	 the	basic	behavior	of	a	specific	system.		In	this	thesis,	by	becoming	geometrically	more	realistic,	model	results	became	predictive:	first,	the	bathymetric	scenarios	could	be	included	in	a	much	more	realistic	way	and,	hence,	their	dif-ference.	Second,	hydrodynamics	are	more	precisely	modeled	in	3D,	leading	to	different	transport	times	(see	Section	4.4.5)	which	are	 likely	more	realistic,	 though	no	observational	data	exist	 to	verify	this	assumption.	Third,	the	water	surface-to-volume	ratio	 in	3D	corresponds	to	the	ratio	true	 to	nature	 and	 thus,	 the	 amount	of	oxygen	supply	by	 reaeration	 is	more	 realistic.	Finally,	vertical	processes	are	resolved,	which	is	particularly	relevant	in	the	saltwater	mixing	zone	(see	Figure	22).	This	 last	 item	will	become	more	 important	when	 the	 interaction	between	organic	and	inorganic	particulate	material	is	simulated	as	the	inorganic	material	usually	exhibits	a	verti-cal	gradient,	even	in	vertically	well-mixed	systems.	


















Symbol	 Process	 Formulation	(see	parameter	values	in	Table	A3)	 Unit	et	 light	extinction	coefficient	 etb	+	es	×	SPMI	+	∑ 	ଶ௜ୀଵ (ea	×	ALGi)	+	∑ 	ଷ௞ୀଵ (ep	×	POCk)	 m-1	DECj,kk	 decomposition	rate	fast	to	slow		 fdecj,k	×	MINj,k	 mmol	m-3	d-1	DISS	 OPAL	dissolution	rate	 kdiss	×	OPAL	(sieq	-	Si)	 mmol	m-3	d-1	fdli	 daylength	limitation	 Min(DL,DLoi)	/	DLoi	 -	fmn	 contribution	nitrate	in	mineral.	 NO3	/	(Ksni	+	NO3)	×	(1	-	DO	/	(Ksoxi	+	DO))	×	1.12T-20	 -	fmo	 contribution	oxygen	in	mineral.	 DO	/	(Ksoxc	+	DO)	×	1.07T-20	 -	fni	 nitrogen	limitation	function	 (NH4	+	NO3)	/	(NH4	+	NO3	+	Ksn)	 -	fnuti	 nutrient	limitation	function	 Min(fni,	fpi,	fsi)	 -	fpi		 phosphorous	limitation	function	 PO4	/	(PO4	+	Ksp)	 -	fradi	 light	limitation	function	 1.0	 -	if	 Is	≥	Ioi	and	Ib			<		Ioi	 (1	+	ln(Is/Ioi)	-	(Is/Ioi)	×	exp(-et	×	H))/(et	×	H)	 	
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